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ABSTRACT
Metal-carbon nanotubes (CNTs) composites are the promising advanced materials that
are being developed to take the advantage of the exceptional properties of CNTs. Because of the
intrinsically strong in-plane atomic SP2 bonding CNTs offer high young’s modulus (1.0–1.8
TPa), high tensile strength (30–200 GPa) and high elongation at break (10–30%). The thermal
conductivity of individual single-walled carbon nanotube (SWCNT) and multi-walled carbon
nanotube (MWCNT) are about 6000 W/m-K and 3000 W/m-K, respectively. Therefore it is
expected that by incorporation of CNTs in metal matrices multi-functional composites can be
used ideally as thermal interface materials, light-weight high-strength structural materials,
electric components, optical devices, electromagnetic absorption materials etc. However, so far
results are far from satisfied for CNT composites, mainly due to the fact that there are two main
key issues remained without good solutions for CNT composites: the poor uniformity in CNT
dispersion and the weak interfacial bonding between CNTs and the matrices.
In this study, MWCNTs were functionalized and coated with metals like Cu and Ni by
electroless deposition methods prior to their application. Metal coatings result in strong
interfacial bonding at CNT-metal interfaces and uniform dispersion. During metal coating
processes CNTs are physically separated in electrolyte and after coating they get physically
retain the separation by the coated metal layer that they are not allowed to aggregate to form
bundles. Moreover, after metal coating, the resultant density of Ni-coated MWCNTs is close to
that of molten metal matrix. This prevent separation of CNTs due to buoyancy effects and results
in uniform dispersion. Metal coating on CNTs surfaces also allows to form strong interfacial
bonding with the metal matrices.
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SnBi alloy has been identified as novel lead-free thermal interface material (TIM) for
electronics packaging. However the thermal conductivity and the mechanical strength of pure
SnBi alloy are not sufficient to withstand harsh environment imposed by powder electronics.
Therefor how to increase the thermal conductivity and the mechanical strength of SnBi solders
becomes important. In this study, MWCNTs have been added into SnBi alloy to form SnBi/CNT
composite solders by different material processing methods. First, in sandwich method Cucoated CNTs were added to the 70Sn-30Bi alloy and mixed mechanically. UTS was increased by
47.6% for 3 wt. % Cu/CNTs addition. Second. Ni-coated CNTs were added by sonication
assisted melting method in fabricating 70Sn-30Bi solder. For 3 wt. % Ni-coated MWCNTs,
equivalent to 0.6 wt. % pure MWCNTs, UTS and YS were increased by 88.8 % and 112.3%
respectively. In addition the thermal conductivity was also increased by more than 70%.
Ni-coated CNTs were also added to pure Al by powder metallurgy method. For 7 wt. %
Ni/CNTs having diameter 30-50 nm, UTS and YS were increased by 92.7% and 101.6%
respectively. For CNTs having diameter 8-15 nm, UTS and YS were increased by 108.9% and
128.2% respectively for 7 wt. % addition. All these results are first time obtained that are much
greater than published data on CNT/metal composites. Results discussion and mechanism in
reinforcement were also presented.
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CHAPTER ONE: INTRODUCTION
1.1 Metal Matrix Composites (MMCs)
Composite allows combining ductile properties of the matrix with high strength and
stiffness of reinforcing agents. For MMCs, the matrix is the monolithic metal or alloy and
reinforcing elements include many types of particles and fibers including carbon nanotubes,
Silicon carbide, alumina, boron carbide etc. However, when at least three components are
present, then is called hybrid composite. MMCs are made by dispersing the reinforcing phase
into the metal matrix. Often the reinforcing phase is coated to control the interface properties.
The embedded second phase not only serves enhanced mechanical properties, but also thermal,
electrical, chemical, friction and many other properties. Continuous reinforcement used
monolithic fibers. Depending on fibers length and orientation both resultant properties of
composites can be isotropic or anisotropic. However, for particle reinforcement resultant
composite properties are always isotropic, provided the particles are uniformly dispersed.
1.2 Carbon Nanotubes (CNTs)
Carbon nanotubes (CNTs) are allotropes of carbon. The cylindrical hollow nanotubes are
made of the graphene sheet. In naked eyes, they look like powder black soot. But they are
actually extremely narrow tubes having a rolled-up graphene sheet. Having extraordinary
electrical, thermal, mechanical and physical properties, they find numerous applications in
modern technology.
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1.2.1 Discovery of CNTs
It has always been subjected to high-tech debates that exactly to whom the credit of the
discovery of carbon nanotube goes. Carbon nanotubes were first discovered by Endo in 1978 as
vapor-growth carbon fibers [Endo, 1978]. But it came under the focus of global scientist
community only after the invention by Iijima in 1991. Mostly the credit for the invention of
MWCNTs goes to Sumio Iijima [Iijima, 1991]. Though there was a race between Iijima and
Russian scientists, Iijima found some extremely needle like carbon based material while
examining under the electron microscopy. They had tubular structure with wall thickness of few
nanometers. SWCNTs were also discovered by Iijima and Ichihashi in 1993 [Iijima and
Ichihashi, 1993]. Donald S. Bethune also invented SWCNTs individually from transition metal
catalysts [Bethune et al. 1993]. Later MWCNTs film was produced by chemical vapor deposition
(CVD) by Ren et al. in 1998 [Ren et al., 1998].
1.2.2 CNTs Structure
SWCNTs are also known as Bucky tubes. These seamless tubes are made of a single
layer graphene sheet. This seamless tube can be made by rolling-up the graphene sheet in
different ways. For some CNTs, the carbon-carbon bonds are parallel to the tube axis. However,
for some other CNTs, the carbon-carbon bonds are perpendicular to the tube axis. Again it is also
possible that the carbon-carbon bonds are neither parallel nor perpendicular to the tube axis,
rather the hexagons spiral around the tube axis.
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1.2.2.1 SWCNTs Structure
SWCNTs have three different geometries. These are namely armchair (n, n), zig-zag (n,
0), and chiral (n, m). The geometry is determined by the way of graphene sheet wrapping.
Chirality vector is used to represent atomic structure of CNTs. Chirality vector is given by:
𝐂𝒉 = 𝑛 𝐚𝟏 + 𝑚 𝐚𝟐
Here, n and m are integer numbers and a1 and a2 are unit vectors as shown below (Fig. 1).

Figure 1 Schematic representation of rolling-up graphene sheet to form CNTs
Here the angle θ is called the chiral angle which can ranges from 0 and 30 degrees (Fig.
2). When n=m, the carbon-carbon bonds are perpendicular to the tube axis. Then CNTs have the
armchair structure with θ = 30 degrees. When θ = 0 degree, the structure is zigzag where m=0.
For chiral structure carbon-carbon bonds are parallel to the tube axis. For chiral structure n is not
equal to m and 0° < 𝜃 < 30°.
1.2.2.2 MWCNTs Structure
MWCNTs are CNTs having multiple numbers of walls. According to the Russian Doll
model each MWCNT is consists of a larger diameter nanotube having a smaller diameter
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nanotube inside it. According to the Parchment model, a MWCNT is not consists of several
different diameter nanotube, rather MWCNTs are also made of a single graphene sheet which is
rolled around itself multiple times. Properties of SWCNTs and MWCNTs are similar with
different magnitudes. In MWCNTs, outer nanotube protects the smaller diameter inside the
nanotube.

Figure 2 Different CNTs structure: armchair (left), zigzag (middle) and chiral (right)
1.2.3 Properties of CNTs
Carbon nanotubes have extremely high Young’s modulus and ultimate tensile strength,
high electric and thermal conductivity, low Co-efficient of thermal expansion and very good
chemical stability. Due to having these outstanding properties, CNTs got an immense interest of
research since its discovery in 1991.
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1.2.3.1 Mechanical Properties
Steel and Kevlar are considered important ones among strongest materials. But carbon
nanotubes are much stronger than these materials. Tensile strength is the property that indicates
how much force can withstand before tearing apart under tensile loading. The extremely high
strength and Young’s modulus are attributed to the strong sp² bonds between the individual
carbon atoms. This bond is much stronger than the sp³ bonds which are found in the diamond
structure. Long carbon nanotubes are formed when some sp³ bonds are formed at an expense of
few sp² bonds. Carbon nanotube exhibits high strength in both along cylindrical axis direction as
well as in the plane. The strong interlocking carbon-carbon bond is one factor contributing to the
extremely high strength. The other important factor that also contributes high strength is that
each carbon nanotube is a single molecule. Since single molecule, nanotubes don’t have weak
grain boundaries. Carbon nanotubes are rolled graphene sheets. A large out-of-plane distortion is
possible for carbon nanotubes due to the two-dimensional atomic arrangement in the graphene
sheet. Experimental results show that tensile strength of an individual MWCNT can be as high as
30-200 GPa and young’s modulus more than 1 TPa which is also supported by theoretical
analysis [Wong et al., 1997; Lau and Hui, 2002; Li et al., 2000]. Thus, CNTs are much stronger
than steel and even stronger than Kevlar. Young’s modulus is the measurement of force that can
withstand before failure during bending.
It may be thought that CNTs have lower elasticity because of ultra-high strength. But in
fact, CNTs are very flexible. Both SWCNTs and MWCNTs are reported to sustain up 15%
fracture strain in the tensile test and sustain in reversible bend test up to 110o [Iijima et al.,
1996].
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CNTs are very light. They are one-sixth in density compared to steel. So the specific
strength is too high. That’s why CNTs are popular as filler material in nanocomposites [An and
Xu, 204; Allaoui et al., 2002; Zhou et al., 2001; Chae et al., 2005].
1.2.3.2 Thermal Properties
CNTs have extremely high thermal conductivity. The atomic structure of nanotubes
allows withstanding very high temperature than any metal. CNTs are thermally stable up to as
high as 2800 OC in the vacuum. CNTs have much higher thermal conductivity in axial direction
compared to that in a radial direction which is too low [Hone et al., 1999; Yi et al., 1999]. In
axial direction thermal conductivity of individual SWCNT and MWCNT are 6000 W/m-K and
3000 W/m-K [Berber et al., 2000; Choi et al., 2005]. Large aspect ratio and small tip radius of
curvatures offer excellent electron emission [Wong et al., 2006]. Also, CNTs have the very Low
coefficient of thermal expansion: 0 X 10^-6/K.
1.2.3.3 Electrical Properties
CNTs possess high electrical conductivity. They can be also semiconducting. The electric
conductivity of CNTs is even much higher than that of copper. It’s the strong carbon-carbon
bonds of nanotubes that allow the structure withstanding higher electric current than any metals.
The conductivity of nanotubes is high because the atomic structure minimizes the collision
between carbon atoms and conducting electrons. Since the diameter of CNTs is in the nanometer
range, quantum effect plays the important role in the electrical conductivity of CNTs. The
structure of CNTs means chirality determines whether they are metallic or semiconducting [Lau
and Hui, 2002]. For n=m means armchair structure and for n-m = 3i where iI is an integer, CNTs
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are metallic. All other CNTs are semiconducting [O'Connell, 2006]. The energy band gap of
CNTs is a function of their diameter [Odom et al., 1998].

𝐸𝑔𝑎𝑝 =

2𝛾𝑜 𝑎𝐶−𝐶
𝑑

aC-C is nearest neighbor carbon-carbon distance (~1.42 Å), 𝛾𝑜 is the carbon-carbon tight
bonding overlap energy which is about (2.45 eV) and d is the diameter of CNTs. Because of
confinement effect on the circumferences, MWCNTs act like quantum wires, the thermal
conductivity of which is given by

𝐺 = 𝐺𝑂 𝑀 =

2𝑒 2
𝑀
ℎ

Here, GO is a quantum unit of conductance which (12.9 kΩ)-1, h is Plank’s constant, e is
electron charge and M is the total number of conducting channels. These numbers include the
intrinsic conducting channels as well as channels resulting from electron-electron coupling and
inter tube coupling effects. Due to having multiple wall structure, MWCNTs exhibit ballistic
electron transfer phenomenon at room temperature. For ballistic conduction Ohm’s law is not
valid anymore. The conductivity of CNTs is independent of their lengths [Berger et al., 2003;
Urbina et al., 2003]. MWCNTs have very large electric conductance (even >103 S/cm) in one
dimension [Chal et al., 2005]. The high current density (in excess of 107 A/cm2) allowed in
MWCNTs indicates that electrons in MWCNTs are strongly uncoupled with the lattice
[Schonenberger et al., 1999]. This is because; otherwise such high current density must have
caused the CNTs to be vaporized.
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1.2.3.4 Chemical Properties
CNTs are chemically very stable. Their very limited solubility in the solvent is an
important issue. Due to the chemical inertness, CNTs can retain properties without degradation.
The Same property is a constraint to get good interfacial bonding between CNTs and metal
matrix. CNTs surface modification is very promising for nanocomposite fabrication. The surface
can be modified in different ways. The surface can be functionalized either by covalent or noncovalently bonded functionalization group and can be coated or decorated with many organic
and inorganic species including metals with different morphology. This opens huge scope in
optical, electrical, and mechanical applications [Minami et al., 2001; Banerjee et al., 2003, Chal
et al., 2005; Park et al., 2006].
1.2.4 Decoration of CNTs
CNTs are often coated with different metals like Cu, Ag, Ni, Sn etc. prior to their
reinforcement into the metal matrix. Electroless plating methods are used to coat CNTs with
metals. CNTs are reported to react with metallic matrix and produce brittle intermetallic
compounds (IMCs). Excessive formation IMCs often lead to the deterioration of resultant
composite properties. Metal coating can restrict that reaction. Also, a metal coating can improve
the strength of interfacial bonding, enhance wetting properties and assist for uniform dispersion
of CNTs. Coating of CNTs prior to incorporate into the metal matrix is reported in the literature
[Maqbool et al., 2014; Ci et al., 2006; Maqbool et al., 2013; Unnikrishnan et al., 2012; Nei et al.,
2011].
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1.3 Thermal interface Materials (TIMs)
Reliability and performance of the integrated circuit (IC) largely depends on the
interconnecting materials in nanoscale devices. With the miniaturization of electronic devices
over the last few decades, we have now even a single microprocessor with more than one billion
transistors integrated onto it. With the trend of scaling down of microchip dimensions, stacking
the chips has become the ultimate challenge for the scientists especially the thermal management
in nanoscale devices.

Solders need to have high mechanical strength with high thermal

conductivity to withstand the high thermo-mechanical stress generated in the integrated circuit.
To meet the demand of increasing current densities, it is essential to improve the performance of
the thermal interface materials (TIMs).

To provide effective thermal connections and

mechanical integrity for the components on PCB, solders need to have the low melting
temperature, good wettability along with good thermos-mechanical properties.
Many different solder materials have been developed and used over the years. Sn-37Pb
near-eutectic solder had been widely used for a long time because of its low melting temperature
and combination of good mechanical properties [Vianco, 1993]. Obviously, this solder alloy
provides many advantages over other available solder alloys. But since lead is toxic, the use of
lead-based solders has been restricted by legislative pressure [Islam et al., 2005]. Being
concerned with the environment issues associated with the lead-based solders, it has been a
critical issue to develop lead-free solders. Many studies have been reported in the last decade to
develop lead-free solders [Jillek, 2003]. Near eutectic Sn-Ag-Cu alloys and Sn-Bi alloys got
attention among the promising alternatives [Zhu et al., 2007]. To get the better combination of
mechanical, thermal and electric properties, reinforcement of foreign elements in different solder

9

alloys have been investigated extensively [Sivasubramaniam et al., 2008]. Development of
MWCNTs reinforced solder composites seems to be the most promising way [Nai et al., 2006].
So far many types of alloys have been investigated, such as Sn-Zn, Sn-Zn-Ag, Sn-Ag,
Sn-Ag-Cu, Sn-Bi alloy systems. Among all of these, the Sn–Bi alloy system has been found to
be a promising thermal interface material. The 42Sn-58Bi eutectic alloy has a relatively low
eutectic temperature of 139°C. Though its good mechanical properties make it an important
thermal interface material, considering today's’ and future electronics, it’s essential to greatly
enhance its thermal and mechanical properties. Alloying with different elements has been
investigated a lot. The composite approach seems to be more promising. Alloying elements such
as Sb, Zn, Ag, and Cu have been added into the binary system to improve its properties. The
addition of CNTs as reinforcing agents in different thermal interface material systems has been
proved to be promising but yet to exploit a lot [Nai et al., 2006; Han et al., 2010]. Despite CNTs
addition melting temperature of the composites is normally comparable to the monolithic metal/
alloys and so no change in soldering process is required [Nai et al., 2006]. CNTS addition can
improve the wettability of the solder which is important for good bonding with the substrate and
improve the reliability of electronic packaging. [Abtew and Selvaduray, 2000]. CNT have much
lower CTE (CTECNTs =−5.86×10−9/K) than most of the conventional solders [Pipes and Hubert,
2003]. Also because of the good bonding capability of CNTs reinforced solders, thermal
expansion is constrained significantly. CNTs reinforcement can have the great enhancement in
thermal conductivity since CNTs have thermal conductivity way higher than metals.
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1.4 Light Metal/ Alloys
Composite approach to reinforce high strength second phase into light metal or alloys
attempt to develop light-weight, high-strength materials. The strength-to-weight ratio is also
known as specific strength. Aluminum, magnesium and titanium and their alloys are widely used
as a matrix in MMCS to develop light-weight, high strength materials. To develop these
composites are not so easy. Depending on melting temperature and other properties of both the
matrix and reinforcing materials, many different fabrication techniques can be employed.
Dispersion of the second phase into the matrix is always a challenge. This is directly related to
the resultant composite properties. Matrix and reinforcing phase interface is also the concern.
Successful fabrication technique for the promising CNT metallic composited is still under
studies.
CNTs reinforcement can improve strength and hardness significantly since strong and
stiff CNTs restrict dislocation movement [Sastry et al., 1993]. Hardness is an important property
of solder for reliability [Pipes and Hubert, 2003]. Large mismatch of CTE between CNTS and
metals results from an increase in dislocation density. It is worth to be noted that dislocation
density increase with increasing reinforcement and as a consequence higher stress is required for
dislocation motion, namely resulting hardening.
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CHAPTER TWO: LITERATURE REVIEW
2.1 Pure Metals and Alloy Systems
While using tin-bismuth alloy it is needed to study their phase diagrams. Also since the
purpose of this research is to add metal (Ag, Cu, and Ni) coated CNTs in this alloy, so it is also
important to study their phase diagrams as well. Since Ni-coated CNTs will be incorporated into
Al or Al alloys, Al-Ni phase diagram is also needed to study.
2.1.1 The Element Tin
Tin (Sn) has the ability to wet and spread on a wide range of substrates which has caused
it to become the principal component of most thermal interface materials. The melting
temperature of elemental tin is 231°C. Tin exhibits two different forms of crystal structures in
the solid state. One is the white or β-tin which has a body-centered tetragonal crystal structure
stable at room temperature. The other is the gray tin or α-tin having a diamond cubic crystal
structure which is thermodynamically stable below 13°C. The transformation of β-tin to α-tin
below 13°C, also known as the tin pest, results in a large increase in volume. This can induce
cracking in the tin structure. Repeated thermal cycling causes plastic deformation and eventual
cracking at grain boundaries of tin because of the anisotropic thermal expansion of tin.

The

addition of alloying element like Bi is effective in suppressing ameliorating such problems
associated with the tin pest.
2.1.2 The Element Al and its Alloys
After oxygen and silicon, aluminum is the third most abundant element. Al is remarkable
for its low density (2.7 g/cc). The melting temperature of Al is 660.3 OC. Al alloys are vital for
aerospace applications along with other transport and constructional applications. Al is corrosion
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resistance due to passivation. This metal has FCC structure and can be easily machined, drawn or
extruded. There are many Al alloys in which Al is the predominant metal.
2.1.3 Tin-Bismuth System
The 42Sn-58Bi alloy has a relatively low eutectic temperature of 139°C (Fig. 3). At room
temperature less than 3 wt. % Bi is soluble in the tin. The solubility of tin in bismuth is almost
zero and so the Bi phase is essentially pure Bi. However, the maximum solubility of Bi in Sn at
the eutectic temperature is about 21 wt. % [Abtew and Selvaduray, 2000]. So Bi precipitates in
the Sn phase as the alloy is cooled down to room temperature. However, the eutectic Sn-Bi
microstructure is lamellar. No intermetallic compounds form between tin and bismuth.

Figure 3 Tin–Bismuth phase diagram
2.1.4 Tin-Silver System
The eutectic Sn–3.5Ag binary alloy has the eutectic temperature is 221OC (Fig. 4). There
is an important intermetallic Ag3Sn in the form of thin platelets [Abtew and Selvaduray, 2000].
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Figure 4 Tin–Silver phase diagram
2.1.5 Tin–Copper System
The Sn–Cu binary alloy has a eutectic composition of Sn-0.7 wt. % Cu having a eutectic
temperature of 227OC (Fig. 5). With solidification reaction Cu precipitates in the form of hollow
rods of the intermetallic Cu6Sn5 [Abtew and Selvaduray, 2000]. Tin and copper from some other
intermetallic compounds as well.

Figure 5 Tin–Copper phase diagram
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2.1.6 Tin-Nickel System
Tin and nickel reacts to form several intermetallic compounds. Ni3Sn4 is one of the
compounds. Other compounds are Ni3Sn and Ni3Sn2 (Fig. 6).

Figure 6 Tin–Nickel phase diagram
2.1.7 Bismuth-Silver System
Bi-Ag is a eutectic system. The eutectic composition is Ag-97.38Bi with eutectic
temperature of 252.5OC (Fig. 7). They don’t form any intermetallic compound. Bi has very
limited solubility in Ag. But Ag has no detectable solubility in Bi [Karakaya and Thompson,
1993].

Figure 7 Bismuth–Silver phase diagram
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2.1.8 Bismuth-Copper System
Bismuth and copper don’t form any intermetallic compound (Fig. 8). There is a eutectic
at composition very close to pure bismuth. The eutectic composition is 99.5Bi-0.5Cu and the
eutectic temperature is 271.4OC. However, a metastable compound is reported at approximately
Cu6Bi2 composition [Chakrabarti and Laughlin, 1984].

Figure 8 Bismuth–Copper phase diagram
2.1.9 Bismuth-Nickel System
Just like Bi-Cu system, Bi-Ni system also has a eutectic alloy at a composition to very
close of pure Bi (Fig. 9). The eutectic composition is 99.7Bi-0.3Ni. The eutectic temperature is
271OC. However, unlike Bi-Cu system, here two intermetallic compounds are formed as Bi3Ni
and BiNi [Okamoto, 2012].
2.1.10 Aluminum-Nickel System
Though Al has up to 10 wt. % solubility in Ni at 1385 OC, solubility of Ni in Al is almost
zero. A number of intermetallic compounds are found in Al-Ni phase diagram (Fig. 10).
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Figure 9 Bismuth-Nickel phase diagram

Figure 10 Aluminum-Nickel phase diagram
2.2 CNT Metallic Nanocomposites
CNT has been subjected to a great research interest since its discovery by Iijima in 1991.
Enhancement of properties of solder is done by adding reinforcements to the available
conventional solder alloys. CNTs addition is considered as most promising reinforcement
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because of its unique combination of properties [Yu et al., 2000]. A variety of techniques can be
used to fabricate CNT metallic composites as shown in Fig. 11 [Bakshi et al, 2010].

Figure 11 Different fabrication techniques for CNT metallic composites
Powder metallurgy is one of the most widely used fabrication technique for CNT metallic
composites. In this method metal or alloy powders are mixed with CNTs. Mixing is usually
carried out by ultra-sonication, dry ball milling or wet ball milling. After mixing powder mixture
is compacted under high pressure. Then the compact is sintered either by conventional sintering
methods or using advanced sintering methods like spark plasma sintering (SPS) method. Often
cold compaction is extruded at high temperature. Hot isostatic pressing (HIP) is also found very
effective for sintering.
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Melting and solidification is the most conventional technique to fabricate MMCs.
However for CNTs metallic composites this method is not widely used because of large density
difference of metal/ alloys and CNTs. Application of ultra-sonication with melting is found to be
effective to overcome this problem. Metal infiltration and melt spinning are also used.
Methods like thermal spray, electrochemical deposition, and many other methods like
sandwich method, semi-solid powder processing, different in situ process are also used to
fabricate CNT metallic composites.
2.3 CNT Reinforced Solder Composites
2.3.1 Mechanical Alloying/ Sonication and Sintering
Nai et al. synthesized a novel lead-free solder by incorporating multi-walled carbon
nanotubes in 95.8Sn–3.5Ag–0.7Cu solder alloy [Nai et al., 2006]. The process was accomplished
following the conventional powder metallurgy route: blending, compaction, sintering and
extrusion. Up to 0.07 wt. % nanotubes were added by blending with solder powders. After
compaction, the billets were sintered at 175 OC for 2 h in inert argon atmosphere and extruded at
room temperature. Increasing amount of nanotubes had no effect on the melting temperature.
However, wettability was improved and both density and coefficient of thermal expansion (CTE)
were decreased with increasing amount of nanotubes addition. Micro-hardness exhibited an
increasing trend up to 0.04 wt. % nanotubes addition. Yield strength and ultimate tensile strength
were increased maximum by 16% and 31% respectively for 0.04 wt. % nanotubes addition. For
the same fabrication process in another study it was reported that no macroscopic pore or surface
defects were identified after extrusion [Nai et al., 2008]. Nai et al. also investigated the effect of
nanotubes reinforcement on the electric conductivity [Nai et al., 2007]. The composite was
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fabricated in the similar process and no degradation of electrical performance was observed
using the four-point probe setup. Dele-Afolabi et al. added carbon nanotubes as reinforcing agent
in Sn-5Sb solder alloy [Dele-Afolabi, 2015]. Starting with Sn and Sb powders along with
nanotubes, powder metallurgy route was followed to make composites containing carbon
nanotubes up to 0.1 wt. %. Wettability was reported to improve compared with the pristine
solder alloy. This has been attributed to the fact that nanotubes suppress the growth of
intermetallic compounds and allows free flow on melting. For single lap solder joint, best
strength was reported for 0.1 wt. % nanotubes addition using lap joint geometry shown in Fig.
12. Dele-Afolabi et al. also studied the isothermal aging effect of on the morphology and shear
strength of nanotubes reinforced Sn-5Sb solder composite [Dele-Afolabi, 2015]. The evolution
and mechanism of interfacial intermetallic layer growth in nanotubes reinforced Sn–5Sb solder
system was investigated. The composite solder was studied after as-reflow and isothermal aging.
In both cases, intermetallic compound layer was drastically reduced. The most retarded
intermetallic compound layer was observed for 0.05 wt. % nanotubes addition.
Peng et al. successfully fabricated multi-walled nanotubes reinforced Sn-58Bi solder
composite [Peng et al., 2012]. Solder alloy powders were mixed with nanotubes by ball milling
and then was heated at 180 OC for 60 s under the cover of molten organic salt. The bending
strength of Sn−58Bi was 10.5% higher than the monolithic solder alloy for 0.03 wt. % nanotubes
addition. For further addition bending strength was decreased. Toughness was also highest for
0.03 wt. % nanotubes addition which was 48.9 % higher than the monolithic alloy. Ductility was
reported to improve by nanotubes addition along with the microstructure refinement. The
phenomenon like “pseudo-dimple”, “pinning effect” and “bridging effect” was observed by
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reinforcement which improved the mechanical properties of the Sn−58Bi−xnanotubes
composite. Kumar et al. also reported such improvement due to Nanotubes addition [Kumar et
al., 2008]. The ultimate tensile strength was reported to be increased by 30% with the 0.3 wt. %
addition of nanotubes where in powder metallurgy method up to 1 wt. % nanotubes were added.
Alloy powders were thoroughly mixed with nanotubes in a blender with the rotating speed of 50
rpm for 15 h. A uniaxial pressure of 110 bars was used for the compaction and sintered at 150 OC
for 2.5 h. Finally, sintered products were extruded at room temperature with an extrusion ratio of
20:1.

Figure 12 Geometry of the single-lap solder joint
Qi and Zhao fabricated multi-walled carbon nanotubes reinforced Sn by powder
metallurgy method [Qi and Zhao, 2013]. Sn powder was mixed with nanotubes by ball milling.
After compaction under 500 MPa pressure sintering was carried out at different temperature in
vacuum. The nanotubes length was reported to decrease with increasing rotation speed during
ball milling. Nanotubes length was decreased from 800 to 200 nm by increasing rotation speed
four times. Due to the overwhelming ductility of tin, during ball milling, cold welding was
significant. Micro-hardness was increased with increasing sintering temperature and also with
21

increasing amount of nanotubes content. Increasing sintering temperature lead to increased
densification with less porosity and thus contributed to the higher hardness value. Niranjani et al.
studied the creep behavior of single-walled carbon nanotubes reinforced Sn-3.8Ag-0.7Cu
(SAC387) solder alloy [Niranjani et al., 2015]. Nanotubes were first blended by dry ball milling
and after compaction at 120 bar pressure sintering were carried out at 170 OC for 3.5 h in the
pure argon atmosphere. Sintered products were then extruded at room temperature at an
extrusion ration of 20:1. Maximum 0.5 wt. % nanotubes were added. Due to nanotubes addition,
hardness was increased and steady state creep rate was decreased. The modified Garofalo
equation was used to describe the indentation creep behavior. Primary creep state displacement
and primary creep stage time were also reported to decrease. This attributed to the fact that
nanotubes are used to share the load with the matrix and also the interaction of dislocations with
nanotubes slows down their glide and climb.
2.3.2 Reflow Process
Xu et al. reinforced Sn-3.5Ag-0.5Cu [SAC] solder matrix with multi-walled carbon
nanotubes by mechanical blending followed by reflow process [Xu et al., 2008]. Up to 0.1 wt. %
acid-treated nanotubes were incorporated. After dry blending of solder powders and nanotubes,
samples were reflowed in a convection reflow furnace. Reflow temperature was 250 OC and
holding time above melting temperature was only 75 s. Then the solder balls were sonicated for
15 min in alcohol and reflowed for the second time for better infiltration of nanotubes into the
matrix. Melting temperature was slightly decreased after nanotubes addition. The resulted
refined grain structure induces extra surface energy which is believed to cause solder surface
instability and reduce melting temperature [Kumara et al., 2008; Kumara et al., 2008]. It was
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reported that intermetallic compound layer thickness was decreased with increasing amount of
nanotubes content. Some micro-porosity even retarded the formation of Ag3Sn intermetallic
compounds. Vickers hardness of the solder alloy was increased by 12.4 % for 0.1 wt. %
nanotubes addition. However, the shear strength of solder joint was increased by 23.2 % for 0.1
wt. % nanotubes addition and then decreased for any further addition because of nanotubes
clustering.
Bukat et al. investigated the influence of carbon nanotubes reinforcement into 96.5Sn3Ag-0.5Cu [SAC305] solder paste on the solder joints mechanical strength and their
microstructure [Bukat et al., 2013]. The solder paste contained 85 wt. % commercial solder
powder and 15 wt. % of a mildly activated rosin flux. The higher volume of flux was used to
obtain adequate high rheology of the solder pastes after the addition of nanotubes. Up to 0.1 wt.
% nanotubes were added after functionalization using a mineral acid and esterification with
methanol. After the pastes had stabilized, the reflow soldering process was used with Ni/Au and
SAC (HASL) finishes [Bukat et al., 2012]. The preheating temperature was 150 OC, heating rate
1.98 OC /s with a peak temperature of 243.6 OC, dwell time 55 s and cooling rate 1.78 OC /s.
Later effect of nanotubes reinforcement on the shear strength of solder joints was investigated.
Nanotubes addition was reported to worsen the wettability resulting solder ball spattering around
the solder joints. Only by the addition of 0.01 wt. % nanotubes addition shear strength was
increased by 24.7%. However, for the further increment of nanotubes addition shear strength was
decreased. The intermetallic compound layer thickness was found to be controlled by the
nanotubes content. For lower nanotubes content the thickness was increased and for higher
nanotubes content the thickness was decreased. Huang et al. fabricated multi-walled nanotubes
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reinforced 96.5Sn-3Ag-0.5Cu [SAC305] composite by powder metallurgy method [Huang et al.,
2013]. Powders were mixed with nanotubes and compacted under 200 MPa pressure. Later
melted at 350 OC for 1.5 h and contact angle was studied. Wetting property improved for initial
Nanotubes addition. Later for further addition wetting property deteriorated.
2.3.3 Electrochemical Co-deposition Method
Zhang and Chen successfully fabricated multi-walled nanotubes reinforced Sn-Bi
composite using electrochemical co-deposition method [Zhang and Chen, 2014]. Nanotubes
were ultra-sonicated for 1 h in the electrochemical solution and then were taken into the
deposition bath. The Sn-Bi was co-deposited using a pulse deposition method at room
temperature. The addition of nanotubes removed the porous microstructure of the high Bicontaining alloy. Due to the bridging effect of nanotubes, the composites exhibited higher
density than the Sn-Bi alloy. As nanotubes clusters acted as the nucleation sites, it resulted in a
finer grain structure. By the addition of nanotubes, it was easier to deposit Sn reach Sn-Bi with
desired lower melting temperature.
2.3.4 Using Metal Coated Nanotubes
Nai et al. added Ni coated nanotubes in 95.8Sn–3.5Ag–0.7Cu [Nai et al., 2009]. Yield
strength and ultimate tensile strength were increased maximum by 8% and 12% respectively for
0.05 wt. % nanotubes addition. Ag3Sn and Cu6Sn5 intermetallic compounds were reported to
form. Yang et al. also added Ni coated multi-walled carbon nanotubes in solder matrix. Up to 0.2
wt. % coated nanotubes were added [Yang et al., 2015]. After compaction and sintering strength
was found to increase up to 0.5 wt. % nanotubes addition. For the further increment of nanotubes
addition, strength was decreased because of nanotubes clustering. The intermetallic compound
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Ni3Sn4 was reported to from in the composites even for 0.05 wt. % nanotubes addition (Fig. 13).
Han et al. studied the effect of Ni-coated nanotubes reinforcement on the hardness and creep
behavior of SAC/Ni-nanotubes solder composite [Han et al., 2010]. Ni-coated nanotubes were
added in 95.8Sn-3.5Ag-0.7Cu by powder metallurgy route and nano-indentation was used to
study the reinforcement effect on hardness and creep behavior. Nano-indentation was used to
assess the properties with more accuracy with minimal destruction of small samples.
Characterization revealed that hardness was increased by 18.1% for 0.03 wt. % Ni-coated
nanotubes addition. Improvement of creep resistance was also noticeable.

Figure 13 X-ray diffraction pattern of SnBi-0.05 nanotubes
Chantaramanee et al. tried to improve solder properties by addition of Ag-coated singlewalled carbon nanotube in the solder matrix [Chantaramanee et al., 2013]. 96.5Sn–3.0Ag–0.5Cu
was used to add up to 0.1 wt. % nanotubes into it. Nanotubes were coated with Ag by electroless
plating method following a four-step process involving oxidation, sensitization, activation and
plating [Feng and Yuan, 2004]. Nanotubes were blended with solder powder in ethanol with
sonication and rosin mildly active (RMA-223) flux was added to it. By measuring the melt
contact angle from solidified drops wettability of the solder composite was determined. The
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wettability of the composite solder was improved by the addition of only 0.01 wt. % Ag-coated
nanotubes addition. Wetting angle was decreased by 45.5 % with a minimal contact angle of 13.8
O

. For further nanotubes addition contact angle was increased. This is because higher nanotubes

content obstruct the melt flow by increasing the melt viscosity [Han et al., 2011}.
Chantaramanee et al. also reported similar results in another study [Chantaramanee et al., 2013].
Yu et al. found the wetting angle to decrease by rare earth element addition at 0.01 wt. % [Yu et
al., 2004]. Wang et al. also reported the worsening of wetting properties for higher nanotubes
content [Wang et al., 2002]. Effect of nanotubes addition on the melting behavior was
insignificant with a decrease of 1 OC of the peak temperature. The shear strength was increased
by 11% for 0.1 wt. % nanotubes addition. Further nanotubes addition resulted in clustering and
decreased shear strength [Zhou et al., 2005].
Zhao et al. coated nanotubes with several metals like Sn, Ag and Cu [Zhao et al., 2009].
Nanotubes were first acid treated and then coated with metals using electroless deposition
method. Effect of metal coating on nanotubes was investigated. Metals were effectively
decorated on the side wall of the nanotubes. Metal layers were continuous and smooth. A quasicontinuous layer of the metal was also observed. By proper adjustment of the electroless method
it is possible to achieve homogenous metal coating [Xu et al., 2004; Liu et al., 2006]. Coated
metals not only serve as the medium for interfacial bonding between nanotubes and the matrix
but also help to anchor the reinforcing materials of the composite. Non-coated nanotubes were
not wetted by the melted Sn. This is due to the cutoff limit of the surface tension of molted Sn. A
liquid metal can wet nanotubes surface with a cutoff limit between 100 and 200 mNm-1
[Ebbesen, 1996] and surface tension of pure molten Sn is 500 mNm-1 [Yuan et al., 2002]. Sn and
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Cu were reported to get oxidized and unstable in Sn matrix. However, Ag coating improved the
wettability of nanotubes with Sn matrix.
2.3.5 Melting Route
Lv et al. added 0.01 wt. % nanotubes in Sn-58Bi solder by direct melting [Lv et al.,
2013]. Solder powders with multi-walled carbon nanotubes were mixed by the ball milling
method. The rotation speed was 300r/min for 50 min in an argon atmosphere. Then the mixture
was mixed with the rosin organic molten salt uniformly and heated at 180°C for 60 s. The
composite was later re-melted at 180 OC to observe the nanotubes in the composites after remelting. The melting actually took place in two stages. At 120 OC the salt melted and reacted
with the oxide on metal powders. Later at 139 OC, the alloy began to melt. Since there is no
possibility to form any compound or solution between C and Sn or Bi, so essentially all the
nanotubes were pushed away towards the grain boundaries [Dezellus and Eustathopoulos, 1999;
Tan et al., 2007]. No nanotubes escaped during the re-melting process.
2.4 CNT Reinforced Al/ Al alloy Composites
2.4.1 Mechanical Alloying/ Sonication and Sintering
Poirier et al. followed compaction and sintering method to fabricate Al composited
reinforced with CNT up to 10 wt. % [Poirier et al., 2007]. CNTs were first milled alone and then
milled with metal powders. After 30 min of milling, CNTs were slightly damaged but started to
get dispersed. After 5 h of milling, CNTs were hard to observe in the matrix. Then the powders
were compacted and sintered. Free atoms/ clusters of carbon were reported to get free during
milling which reacts with Al later during sintering. However, when CNTs were milled alone,
their tubular structure was remained undamaged. But when milled with Al powders, the tubular
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structure got damaged and Al powders get welded. Rais et al. studied the dispersion of CNTs
with Al powder using sonication [Rais et al., 2013]. CNTs and Al powders were dispersed
separately in ethanol for 6 h with sonication. Then both mixes were sonicated together for
another 2 h. After 2 h heating on the hot plate and grinding, the powder mix was studied under
SEM and TEM. CNTs were found to disperse in Al powders. Saravanan et al. studied the effect
of long time ball milling on MWCNT dispersion in Al-11.5Si-1Cu-1Mg-1Ni (AA 4032) alloy
matrix [Saravanan et al., 2010]. Up to 2 wt. % CNT was added. Al alloy powders were milled for
different time periods up to 30 h. CNT was added at the end of 29 h. Powder morphology was
studied for different milling time. Spherical particles became flake like after 15 h and then
continued to get to cold worked. It was found that addition of CNTs earlier with powder caused
agglomeration and clustering due to long milling time. However adding CNT at the end of 29 h
resulted better dispersion of CNTS.
Kwon et al. added up to 15 vol. % CNT in Al by using ball milling followed by hot
pressing [Kwon et al., 2011]. CNTs were added with Al powder with 20 wt. % heptane as
process control agent [PCA]. In hot press, a uniaxial pressure of 57 MPa was used at 500 °C for
5 min. CNT was found to be dispersed in the matrix with some agglomeration. A small amount
of Al4C3 was also reported to form. Woo et al. synthesized Al-CNT composite by cryogenic
milling [Woo et al., 2014]. Milling was done with 3 wt. % stearic acid as PCA to prevent
agglomeration. Milling was done in the argon filled glove box. The vial was then filled with
liquid nitrogen. A 10 min pre-cooling step was used before each 2 min milling cycle. The
dispersion was better with increasing time while CNT damage was observed for longer milling
time. Grain size was decreased with increasing CNT content for same milling time but after
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prolong milling time effect of CNT content was insignificant on final grain size. Schubert et al.
studied the effect of the atmosphere on the sintering behavior of Al [Schubert et al., 2005]. It was
evident from the study that the pure and sufficiently dry nitrogen was mostly appropriate for
sintering pure Al producing shrinkage. However, the presence of hydrogen even in small
amounts was reported lower sintering shrinkage. The vacuum was found to be effective with at
sintering temperature.
Aqeeli used to sinter in different methods [Aquuli, 2013]. CNTs were sonicated with AL
alloy powders in ethyl alcohol for dispersion and then the mixture was ball milled up to 5 h. Al7Si-0.3Mg and Al-12Si-0.3Mg Powders were used. Ball milled powders were sintered using
spark plasma sintering [SPS] between 400-500 °C for 20 min under 35 MPa at a heating rate of
100 OC/min. SPS is a novel sintering technique. In SPS a pulsed direct current is passed through
the die and the powder resulting in rapid heating and enhanced sintering rate [Hulburt et al.,
2009To prepare compact for both microwave and Hot Isostatic Pressing a load of 14,500 lb for 5
minutes under uniaxial pressure and 44,000 Psi for 5 minutes for cold pressing were used.
Microwave sintering was performed at 400-500 °C for 20 min. Hot Isostatic Pressing [HIP] was
also performed between 400-500 OC for 30 min. Densification was highest at 450 °C. SPS was
found to be most effective sintering process to yield high densification and hardness value and
microwave method to yield the lowest. However, hardness was higher for sintering at 500 °C.
SPS was also used by Majkic et al. to produce Al-CNT composite [Majkic et al., 2007]. 5 vol. %
CNTs were added and strength was enhanced by 129%. The good dispersion was attributed to
the enhanced mechanical properties. Kwon and Kawasaki also used SPS [Kwon and
Kawasaki,2011] but they used a precursor to starting with. Up to 5 vol. % CNTs were added in
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natural rubber and then Al powder was mixed with it. After roll milling, natural rubber was
evaporated by heating for 2 h at 500 °C in argon. Then the mix was sintered by SPS at 600 °C
for 20 min under 50 MPa with a heating rate of 40 °C/min. Finally, the sample was extruded
through a conical die. Using SPS followed by hot extrusion process was found to be highly
effective for densification. However, no work hardening effect was observed due to hot
extrusion. This is because the stress accumulation was lower than the stress relaxation due to
rapid recrystallization during the extrusion process. Serajzadeh [Serajzadeh, 2004] also reported
the similar effect of extrusion on work hardening. Dumbbell and tube types Al 4C3 were reported
to from. Kwon et al. also reported the two types of Al4C3 [Kwon, 2010]. The dumbbell shape
originated from the CNT tip and the tube-shape from defective CNTs. SPS is very much
effective for sintering pure powders with protective oxide layer since in SPS the oxide layer
breaks down by micro-plasma [Omori, 2000]. In DSC SPSed Al-CNT compact showed
exothermic peak just after an endothermic peak which indicates the reaction of Al with CNT
after the break down of the oxide film. In this study tensile strength was reported to increase by
3.8 times for 1 vol. % CNT addition without significant change in ductility. For more addition
strength was reduced slightly. Noguchi et al. also used natural rubber as a precursor for Al-CNT
composite [Noguchi et al., 2004].
In many studies sintering was followed by hot extrusion. George et al. followed powder
metallurgy using hot extrusion following sintering for CNT reinforcement in Al [George et al.,
2005]. CNTs [MWNT & SWNT] were dispersed in ethanol, sonicated for 20 min and after
drying ball milled with commercial grade Al powder at 200 pm for 5 min. Then following
compaction 120 KN load sintering was done with nitrogen for 45 min at 580 C and finally hot
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extruded at 560 °C. Unlike SWCNT, MWCNT reinforced increased Young’s modulus by 23%
for 2 wt. % CNT addition. Liao et al. also used sintering in vacuum followed by hot extrusion at
550 °C [Liao et al., 2011]. Here 0.5wt. % CNTs was blended with Al powder by roll milling and
the mixture was unidirectional cold compacted under 300MPa for 5 min. Following vacuum
sintering at 530°C for 3.5 h hot extrusion was done at 500°C giving an extrusion ratio of 9:1.
Subsequently, extruded rods were hot-rolled to 85% reduction at 500°C and water quenched.
Plastic deformation not only refined the matrix grains but also separated the CNT clusters and
redistributed the CNTs. Though AL/CNT wettability is poor, TEM showed on the physical gap
at Al-CNT interface. CNTs were found embedded in Al matrix in fracture surface which
indicates successful incorporation of CNTs in the matrix. Park et al. mixed oil-coated and
pulverized Al powder with uniform dispersion of CNTs in dichloroethane (DCE) by sonication
[Park et al., 2015]. Al powders were ball milled during pulverization using paraffin. After
vacuum drying paraffin was removed by heating at 500 °C for 30 min and then sintered at 580
°C for 30 min following compaction with 500 MPa pressure. The yield strength and tensile
strength were enhanced by 60% and 23%, respectively, with the 0.2 wt. % CNT addition.
2.4.2 Cold Compaction Followed by High Temperature Deformation
Many researchers followed cold pressing followed by hot extrusion. Deng et al.
fabricated Al-CNT composite by isostatic pressing [CIP] followed by hot extrusion [Deng et al.,
2006]. Here atomized 2024Al were mixed with acid treated MWCNTs in ethanol solution and
mechanical stirring assisting ultrasonic shaker was used for 30 min for CNT dispersion. Powder
mixture dried and vacuum and ball billed. 300 MPa pressure was used for 10 min for the cold
isostatic pressing. Cold isostatic pressing allow higher and even densification [Khor et al., 1993].
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The composite billets were then extruded into rod at 460 ◦C with an extrusion ratio of 25:1. 0–
2.0 wt. % carbon nanotube reinforced 2024Al matrix composites were successfully fabricated by
cold isostatic pressing followed hot extrusion techniques. Al4C3 phase was formed above 656.3
◦C (Fig. 14).
However, Zhang et al. reported that the formation of the compound composite at 800 ◦C
[Zhang et al., 1999]. The hardness, tensile strength and Young’s modulus were enhance by
30.8%, 35.7% and 41.3% for 1 wt. % CNT addition because of “bridging” and “pulling out” of
CNTs. However for more CNT addition all mechanical properties deteriorated because of
entanglement of CNTs. CNT-Al interface was fond to be weakly bonded which was shown by
the long CNT pull out length.

Figure 14 (Left) TEM images of Al4C3 phases and (right) XRD patterns of (1) the 2024Al
powders; (2) the mixed powders; (3) the mixed powders after tested by DSC
Esawi et al. [Esawi et al., 2010] also used cold pressing followed by hot extrusion. Up to
5 wt. % CNTs were blended with Al powder by wet ball milling in methanol. After drying the
mix was pressed under a pressure of 475 MPa. Hot extrusion of the homogenized compact was
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conducted at 500 ◦C using an extrusion ratio of 4:1 and annealed at 500 ◦C for 10 h. Strength was
increased by 50% and Young’s modulus by 23% for 2 wt. % CNT addition. It was difficult to
distinguish fracture surfaces between pure Al and 2 wt. % CNT added composite with FESEM,
but TEM showed the dispersed CNTs (Fig. 15). For more CNT addition strength increase was
insignificant and Young’s modulus was decreased. Al4C3 was reported to form at as low as 500
◦C. Esawi et al. also investigated the effect of CNT diameter on the mechanical properties of the
composite in another study [Esawi et al., 2010]. Here also, the CNTs were cold pressed after ball
milling and hot extruded at the end. It was found that mechanical properties were different for
different diameter CNTs. Smaller diameter CNTs are flexible and difficult to disperse. They get
easily entangled and thus affect the mechanical properties. Smaller diameter CNTs have a larger
interfacial area with the Al matrix compared with larger diameter CNTs for the same wt. %. This
has two-way effects. Larger interfacial area prevents metal cold welding to some extent. But at
the same time, they are more prone to the formation of the intermetallic compound.

Figure 15 (a) SEM image of Al–2 wt. % CNT and (b) TEM image of Al–2 wt. %
2.4.3 Powder Metallurgy (PM) with Force Stirring Process (FSO)
Liu et al. used powder metallurgy followed by force stirring process to fabricate CNT
reinforced Al composite [Liu et al., 2014]. Pure Al and 6061 Al were used. In both cases 1.5 vol.
% CNT were added. The mixed powders were then cold-compacted and degassed. The cold
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compact was and then vacuum hot-pressed at 853 K for 1 h. The cylindrical billet was then hot
forged at 723 K into disc plates. Finally, the plates were subjected to 3-pass in-situ FSP. The
CNT reinforced 6061Al composite was then solution treated at 803 K for 1 h followed by water
quenching and then artificially aged at 433 K for 12 h [T6 treatment]. For comparison,
unreinforced Al and 6061Al were also treated in similar processing route. CNT clusters were
much smaller in forged CNT/6061AL compared with CNT/Al. This difference is believed to
happen due to the formation of a liquid phase in CNT/6061AL during hot pressing. A liquid
phase made the bonding between the clusters and the matrix strong and during forging the
clusters broke down. Also, more Al4C3 was formed in CNT/6061AL. For CNT/Al, the yield
strength (YS) and the ultimate tensile strength (UTS) increased by about 41% and 25%
respectively. For CNT/6061Al composite, the values are about 33% and 17%, respectively. The
electrical conductivity of CNT/Al was decreased compared with Al whereas increased for
CNT/6061Al compared with 6061Al. This increase was attributed to the Mg and Si segregation
at grain boundaries. Liu et al. also added CNTs in Al–4.5 wt. %Cu–1.2 wt. %Mg (2029Al) [Liu
et al., 2014]. This time, they followed same procedure except the solution treatment at 768 K for
2 h, water quenched, and then naturally aged for 4 days. The yield strength was reported to be
increased by 45% for 3 wt. % CNT/Al composite.
2.4.4 Semi-solid Powder Processing (SPP)
Wu and Kim used Semi-solid powder processing (SPP) for the first time to fabricate CNT
reinforced Al composite [Wu and Kim, 2011]. This advanced technology combines the benefits
of the two different processes semi-solid forming and powder metallurgy. Kumar et al. also used
this fabrication and mentioned that this processing route enables to fabricate intricate shape by
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utilizing the unique material behavior of solid-liquid slurry [Kumar et al., 1993]. SPP enables
better dispersion of reinforcing agents and post-processing steps following sintering are not
needed anymore. They added the CNTs with micron sized Al6061 powders and mechanically
alloyed for 3 hr. The CNT-powder mixture was first pre-compacted under 100 MPa pressure in a
H13 tool steel die and then heated in the furnace. At 580 ◦C a pressure of 50 MPa was applied
and held constant for 30 min at a different temperature between 600-640 ◦C. With increasing
temperature up to 99% density was achieved. Densification increased with increasing liquid
fraction with an increase in processing temperature. Hardness was increased by 42.3% for
processing temperature 620 ◦C for 1 wt. % CNT addition, however, decreased for higher
processing temperature due to excessive formation of Al4C3. Most CNTs were dispersed close to
the original particle surface. Fuentes et al. worked with the same alloy and reported that the Mg
alloy element of this alloy helps to eliminate surface oxidation [Fuentes et al., 2003].
2.4.5 Ultrasonic Nano-dispersion Technique
Ultrasonic waves are generated by immersing an ultrasound probe into the liquid which is
known by direct sonication. In the other method, the sample container is placed in a liquid bath
which is subjected to direct sonication – is called indirect sonication. Since in indirect sonication
the ultrasonic waves need to travel through the wall of the sample container before reaching the
suspension, here the physical barrier is more compared to direct sonication. So for dispersing dry
powders, direct sonication is always recommended. The important parameters those are needed
to be optimized for sonication are temperature, sonication time, operation mode, applied power,
sample volume and concentration, probe diameter, tip immersion and tip geometry. Ultrasonic
waves have a frequency above 17~20 kHz. These waves create alternating compression and
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expansion cycles, in the media. During the expansion cycle small bubbles are formed that
implode eventually resulting cavitation. This cyclic process causes the nano particles to get
dispersed uniformly.
Giridhar et al. used the aluminum alloy Al6061 to fabricate CNT reinforced composite
[Giridhar et al., 2013]. 0.5 wt. % CNT was added to the molten metal pool at approximately 150
◦C above the alloy melting point 650 ◦C. The molten pool was protected by argon flow. The
temperature was maintained 150 ◦C above the melting point since the viscosity increased
significantly with the addition of CNTs. Tensile strength; yield strength and hardness were
increased due to CNT addition. The increase in yield strength was proportional to CNT addition,
unlike other mechanical properties. Higher sonication power was found to be effective for better
dispersion. Yang et al. also used the similar procedure to disperse nano particles in Al matrix
[Yang et al., 2004]. He also used to maintain the melt temperature 100 ◦C above the melting
temperature to maintain the metal flow.
2.4.6 Using Metal Coated CNTs
Maqbool et al., used Cu coated MWCNTs to add in gas atomized Al powder [Maqbool et
al., 2014]. Coated and uncoated CNTs were mixed with metal powder in ethanol with sonication
while using bubbling nitrogen through it. Following wet ball milling, powder mix was
compacted under uniaxial cold compaction of 600 MPa. Then sintering is carried out in the tube
furnace at 550 °C for 3 h in vacuum. For both coated and uncoated CNTs, densification
increased with increasing CNT volume fraction up to 1 wt. % addition. Densification was more
evident for coated CNTs. CNT coating has significant effect since the wettability of CNT with
Al is not good. The wetting angle between these two is reported to be around 130 O-140O [Ci et
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al., 2006]. Maqbool et al also used Cu coated CNTs [Maqbool et al., 2013]. CNTs were coated
with electroless deposition method. Coated CNTs were more uniformly dispersed compared with
uncoated CNTs and TEM showed good interfacial bonding (Fig. 16). Yield strength and ultimate
tensile strength were increased by about 121% and 107%, respectively for 1 wt. % coated CNT
addition. CNTs were first dispersed in ethanol with Al powder for 60 min by sonication. Later
after ball milling for 1 h and compaction at 600 MPa, sintering was done at 550 °C for 3 h in
vacuum at 10−4 mbar in the tube furnace. Sintered products were hot rolled at 480 °C followed
by annealing at 500 °C for 6 h. Because of the greater pinning effect of coated CNTs much finer
grain size was found for coated CNTs compared with uncoated CNTs because the poor
wettability of the uncoated CNTs. Similar grain refinement was also reported by Nam et al.
[Nam et al., 2012, Nam et al., 2012]. Annealing was used to improve tensile properties by
releasing the stress generated during high energy ball milling [HEBM]. Unnikrishnan et al.
added Ag-coated MWCNTs in Al matrix [Unnikrishnan et al., 2012]. Ag was deposited by the
electroless method and 9 wt. % Si was added to the composite as a sintering aid. The compaction
load was 10T and the compact was sintered at 600 ◦C using vacuum hot press [VHP] at a very
high vacuum of 10-5 mbar. Silver coated CNT required less milling time [almost one-fourth] to
disperse which reduces alumina and carbide formation. Hardness for 1 wt. % coated CNT
addition was found equivalent to 4 wt. % uncoated CNT addition and this is also same for the
density.
Nei et al. reinforced Al matrix with Mo coated CNTs [Nei ei al., 2011]. CNTs were
coated with Mo by organic chemical vapor deposition. It was found that magnetic stirring was
better than mechanical milling for mixing powders. Mechanical milling resulted damage of
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CNTs whereas magnetic stirring not. Coated CNTs were sonicated in alcohol for 60 min and
after adding Al powders mechanically stirred for 8 h. Ball milling time also same. SPS was used
to sinter at 580 °C for 5 min under 40 MPa with heating rate 100 °C/min. Hardness was higher
for mechanical milling since short time sintering was insufficient to recover the work hardening
that took place during ball milling. However strength and ductility were better for magnetic
stirring because of the undamaged CNTs. Relative density was decreased with increasing CNT
content. Tensile strength and Vickers hardness of 0.5wt% Mo-CNT/Al composites were
increased by 29.9% and 13.2%, respectively whereas for decreased for higher additions due to
CNT clustering.

Figure 16 (Left) The embedded CNTs showing the strong interfacial bonding between the Al and
CNTs and (right) Yield strength, ultimate tensile strength of the composite
2.4.7 In Situ Process
In situ method was developed to avoid the widely used high energy ball milling process.
Due to ball milling CNTs are often reported to get damaged [Welch et al., 1353; Pierard et al,
2004; Kukovecz et al., 2005]. He et al. used an in situ growth of CNTs in Al matrix [He et al.,
2007]. In this process Ni[OH]2–Al precursor was produced by a deposition–precipitation route.
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Calcination, and reduction of the Ni[OH]2/Al precursor were used to produce evenly distributed
Ni particle decorated Al powders. CNTs were grown by in situ method using chemical vapor
deposition [CVD] method. CNTs were grown by decomposition of hydrocarbon at 630 °C in a
quartz tube reactor. This temperature was precisely controlled to produce high-quality CNTs and
at the same time to avoid Al melting. Li et al. and Huang et al. also used a similar procedure for
the in situ growth of CNTs [Li et al., 2004; Huang et al., 2003; Huang et al., 2004]. Powder mix
was then sintered at 913 K. For 5 wt. %CNT addition a relative density of 96% was attained.
The strength and hardness value were reported to enhance by 4.8 and 2.8 ties respectively.
Uniform dispersion of CNTs in the matrix is attributed to the enhanced mechanical properties.
Yang et al. also followed in situ method to fabricate CNT reinforced Al composite [Yang et al.,
2011]. The catalyst precursor for the process was obtained by sonicating a mixture of Co(NO)3
·6H2O and Al powder in ethanol. The mix was heated first in argon and then in hydrogen to gain
Co/Al precursor. At 600 °C C2H2/Ar (20/240 ml/min) was flown for 30 min into the reactor to
synthesize CNTs. In the process CNTs were found to be homogenously dispersed.
2.4.8 Plasma and High Velocity Oxy-Fuel Spray Forming
Laha et al. Added CNT into the hyper-eutectic Al-23Si-2Ni-1Cu alloy [Laha et al., 2007].
Pre-alloyed powders were sprayed with10 wt. % CNTs. Prior to that CNTs were blended and
ball milled with alloy powders. Relatively large size alloy powder act as the carrier for the CNTs
and thus facilitate the unrestricted flow of the CNTs during the thermal spray. Two different of
thermal spray process were used, viz Plasma Spray Forming [PSF] and High-Velocity Oxy-Fuel
Spraying [HVOF]. The difference in the two process is the way heat is produced. In plasma
spray process the heat is produced by a plasma flame by the flow of inert gas between two
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electrodes. For high-velocity oxy-fuel process, the heat is produced by combustion of fuel gas. In
both cases, metallic powders with CNTs were sprayed at high speed in super-heated sate on a
polished Al6061 rotating mandrel. Extremely high cooling rate allowed high nucleation rate and
produced highly refine grain by almost eliminating the grain growth by highly rapid
solidification. HVOF offers cooling rate 108 K/s that results in nano-crystalline structure
[Fauchais et al., 2001, Meyer, 1996; Berndt and Lavernia, 1998]. Porosity was almost double for
PSF compared with HVOF. In both cases, CNTs were better dispersed. Wettability was found
good at the interface and strong bonding was reported because of the reaction product formation.
Residual stress, Hardness and elastic modulus were higher for HVOF compared to PSF.
However such high operating temperature can cause damage to CNTs. Though melting point of
CNT is 3500 °C, according to some researchers CNTs are not often stable above 2800 °C
[Metenier et al., 2002; Lopez et al., 2004]. Even Ajayan et al. reported that MWCNTs structure
changed above 700 °C [Ajayan et al., 2000].
2.4.9 Others
The hot pressing method is followed to produce many types of metal matrix composite.
However, it has been reported that for Al-CNT composite hot press lead to CNT clustering [Xu
et al., 1999; Zhong et al., 2007]. Jiang et al. developed a novel a slurry based process to a large
fraction of CNTs in the Al matrix [Jiang et al., 2007]. Al powder surface was modified by the
hydrophilic polyvinyl alcohol [PVA] membrane to have good wettability and to form strong
hydrogen bonding interactivity with the functionalized nanotubes. Sodium dodecyl benzene
sulfonate [SDBS] was first added to deionized water [DI] and CNTs were dispersed into it by
sonication for 2 h to form an ink-like dispersion. Al powders were also added into PVA
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containing DI water. Later PVA treated Al powders were added into water to make slurry and
CNTs were added dropwise and stirred for 1 h. Finally, the powder-CNT mixture was dried at
333 K for 12 h. TEM showed that CNTs were uniformly dispersed on Al powder surface while
treated with PVA compared to the untreated metal powder. PVA membrane allowed attaching
the CNTs on Al powder surfaces. In the study, it was also reported that the adsorption capacity
of CNTs was found maximum for nano-flake morphology. This is because this geometry had
better compatibility for nanotubes and also their large surface area enabled more absorption. A
uniform dispersion of 20 vol. % CNTs was reported for the PVA treated Al powders. Jiang et al.
reported a tensile strength 435 MPa for 2 vol. % CNT additions after compaction 500 MPa
pressure, sintering in flowing argon at 550 ◦C for 2 h and hot extrusion at 440 ◦C with an
extrusion ratio of 20:1 [Jiang et al., 2011]. The density was greatly improved from 85 to more
than 99.5% after hot extrusion.
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CHAPTER THREE: EXPERIMENTAL PROCEDURE
Carbon nanotubes reinforced 70Sn-30Bi alloy can be a potential thermal interface
material. Because of the uniquely high strength of CNTs, this composite should have enhanced
mechanical properties than currently available other thermal interface materials (TIMs). It’s
found from literature that major issue in CNTs reinforced composites is their dispersion. To
overcome the dispersion problem, CNTs were coated with metals. It is believed that metal
coating on CNTs enables the CNTs to disperse more uniformly. Also, this metal coating allows
forming good interface bonding by overcoming the wetting limitation of CNTs. By proper
fabrication method, CNTs were dispersed in the matrix. The metal coating reduces the high
electric resistance at CNT-CNT interface as well.
CNTs were also added to Al to produce low density, high strength alloy. For many
applications including aerospace, automobile etc., high strength light alloys are very important.
Al is among top choices as matrix material for such purposes.
Finally, the goal was to produce uniformly dispersed metal coated MWCNTs reinforced
70Sn-30Bi and Al composite with the focus on the fabrication method. Then measuring its
thermal properties as well as mechanical properties means ultimate tensile strength, yield
strength, elongation, and hardness.
3.1. Materials Used


MWCNTs with purity greater than 95%, having diameter between 30-50 nm and axial
dimension between 10-20 µm purchased from Cheap Tubes Inc.
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MWCNTs with purity greater than 95%, having diameter between 8-15 nm and axial
dimension between 10-50 µm purchased from Cheap Tubes Inc.



Pure tin (99.85%) purchased from Alfa Aesar.



Pure bismuth (99.5%) were purchased from Alfa Aesar.



Other chemical include SnCl2.2H2O (Fisher Scientific), HCl (Fisher Scientific), AgNO3
(Ricca Chemical) and NH3OH (Fisher Scientific), HNO3 (Fisher Scientific),
CuSO4·5H2O (Alfa Aesar), EDTANa2 (Alfa Aesar), CHOCOOH·H2O (Alfa Aesar), 2,
2’-Bipyridine ((C5H4N)2) (Alfa Aesar), NiSO4.6H2O (Alfa Aesar), NaH2PO2.H2O (Alfa
Aesar), Na3C6H5O7.2H2O (Alfa Aesar) and KBH4 (Alfa Aesar).

3.2 Experimental Procedure
3.2.1. CNT Coating with Metal
3.2.1.1 CNT Coating with Cu
At first, the CNTs were coated with metal having complete encapsulation. CNTs were
coated with metals like Cu and Ni. Coating procedure for Cu include following steps:


The multi-walled carbon nanotubes from Cheap Tubes Inc. were used. The purified
nanotubes were used having purity greater than 95%.



The initial surface treatment of the nanotubes was conducted with hot HNO3. The initial
acid treatment was accomplished by the chemical modification of the CNTs by oxidation.



The MWCNTs were ultra-sonicated in an aqueous solution of HNO3 (70%) at 60 C for 2
hours. The nanotubes were then rinsed with de-ionized (DI) water until pH 7 was
reached.
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Then the CNTs were ultrasonically dispersed in 0.1 M SnCl2/0.1 M HCl for 30 minutes
for the pre-activation (surface catalysts).



After the pre-activation, the Sn2+ - sensitized carbon nanotubes were separated and
washed with DI water thoroughly.



Then the activation of the sensitized CNTs was accomplished by stirring in an aqueous
solution of AgNO3 (9 g/L) and NH3 solution for 2 hours.



The pH value of the activation solution was controlled by the NH3 solution.



The activated CNTs were then washed with DI water again and filtered off and was
transferred to the copper electroless bath (Table 1) for decorating with copper. Again
parameters were optimized for complete encapsulation of the CNTs will Cu.



The bath composition was 0.03 M CuSO4·5H2O as the copper ion source, 0.25M
EDTANa2 as the complexing agent, 0.1 M CHOCOOH·H2O as the reducing agent and 10
ppm 2, 2’-Bipyridine ((C5H4N)2) as the stabilizer. Glyoxylic acid was used as an
alternative reducing agent to formaldehyde, since formaldehyde has a high vapor pressure
that makes working conditions objectionable as reported for its toxicity and carcinogen.



Deposition was carried out at a constant temperature of 60 C. Solution container was
placed into an ultrasonic cell bath with constant frequency of 42 kHz and power of 100
W. DI water and reagent grade chemicals were used in each step. After bubbles came out,
reactions were allowed for only 2 minutes. The pH of the deposition bath was adjusted
with NaOH to 12.2.



Finally, the metal decorated CNTs were rinsed with DI water, filtered off and dried in
vacuum or using supercritical drying.
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The Sn-sensitized, Ag-activated, and Cu coated nanotubes were investigated with FEGSEM and EDS.

Table 1 Cu Plating Bath Composition
Chemicals
CuSO4·5H2O
EDTANa2
CHOCOOH·H2O
2, 2’-Bipyridine ((C5H4N)2)
NaOH solution

Concentration (M)
0.03
0.25
0.1
10 ppm
For pH adjustment

3.2.1.2 CNT coating with Ni
Coating of CNTs with Ni will include the following steps:


The multi-walled carbon nanotubes from Cheap Tubes Inc. were used. The purified
nanotubes were used having purity greater than 95%.



The initial surface treatment of the nanotubes was conducted with hot HNO3. The initial
acid treatment was accomplished by the chemical modification of the CNTs by oxidation.



The MWCNTs were ultra-sonicated in an aqueous solution of HNO3 (70%) at 70 C for 2
hours. The nanotubes were then rinsed with de-ionized (DI) water until pH 7 was
reached.



The MWCNTs were first pre-treated using HNO3 for the purification to get rid of all the
impurities. HNO3 treatment was also used for the surface properties modification to get
better dispersion in the electrolyte and high-density activation sites for the subsequent
reactions.
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The treated MWCNTs were then coated with Ni in a two-step process. In the first step, a
surface activation was conducted by ultrasonically dispersing MWCNTs in the electroless
plating solution (Table 2) with and without ultra-violate (UV) exposure for 20 min



Then KBH4 solution was added for activation. The activation process makes CNTs
hydrophilic and results in easy adherence of metallic particles to CNTs surface.



Activation process was performed for forming the NiO clusters as the catalytic sites and
then rinsed with DI water.



After 10 min following the KBH4 solution addition, electroless nickel plating was
achieved by dipping the pre-nucleated MWCNTs into plating solution at 40 C for 20 min.
The pH was adjusted to 8.5 using ammonia solution.



Finally, the Ni-coated CNTs were cleaned with DI water, filtered off and dried in a
vacuum desiccator.



The Ni-coated nanotubes were investigated with FEG-SEM and EDS.

Table 2 Ni Plating Bath Composition
Chemicals

Concentration (g/L)
35
35
18
For pH adjustment

NiSO4.6H2O
NaH2PO2
C6H5Na3O7
NH3 solution

3.2.2 Fabrication of composites
3.2.2.1 Fabrication by sandwich method
Fabrication by sandwich method includes the following steps


Pure tin (99.85%) and bismuth (99.5%) from Alfa Aesar were used.
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Tin and bismuth were melted in an argon atmosphere in a tube furnace.



After homogenization, the molten alloy was cooled down to room temperature.



The alloy was rolled into thin sheet.



Metal coated CNTs were added by folding and rolling thin sheets several times.
Cu/MWCNTs content was varied as 0.5%, 1%, 2% and 3% in weight percentage, which
accounts for 0.09%, 0.18%, 0.37% and 0.55% in weight percentage of pure MWCNTs
and 0.28%, 0.56%, 1.11% and 1.67% in volume percentage of pure MWCNTs
respectively.



Finally, the hot press was used for very short time at 110oC.



This method is similar to the accumulative rolls bonding developed by Saito et al. [Saito
et al., 2003].
3.2.2.2 Fabrication by Ultra-sonication
Fabrication by ultra-sonication method includes the following steps



Pure tin (99.85%) and bismuth (99.5%) from Alfa Aesar were used.



Tin alone or and bismuth were melted in an argon atmosphere.



Metal coated CNTs were added to the molten metal and mixed using ultra-sonication.
Fig. 17 shows the experimental set up including a heating unit and a crucible, an
ultrasonic probe, a control unit and an inert gas supply. The heating unit was used to melt
the pure tin in the small crucible.



Ni-coated MWCNTs were added to the molten metal and the sonication processing
temperature was controlled approximately 100 C above the melting point. The higher
dispersing temperature was used since with the addition of CNTs, viscosity of the molten
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metal increases significantly. A titanium probe coupled with 20 kHz, 600 W ultrasonic
Sonicator (Misonix) was used for this study.


After ultra-sonication, the molten pool was homogenized for 10 min before cooling to
allow the bubbles get escaped. During sonication dispersing, the high-intensity non-linear
effects, namely transient cavitation and acoustic streaming results in homogenous
dispersion of MWCNTs with a reduced porosity. Finally, the molten metal mixed with
dispersed Ni-coated MWCNTs was cooled down to room temperature.

Figure 17 Ultrasonic assisted melting
3.2.2.3 Fabrication by Powder Method
Fabrication by powder method includes the following steps


Pure Al powders were used.



Metal coated CNTs were ultra-sonicated for 2 hours in ethanol. Later weighted Ni-coated
CNTs with metal powders were further ultra-sonicated for 2 hours.



After drying, metal-CNT mix was used to press into pellet of 13 mm diameter under
unidirectional pressure of 400 MPa. Carver 13 mm stainless steel pellet die was used.
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Pure Al pellets were sintered in pure nitrogen atmosphere at different temperatures and
for different duration to optimize sintering parameters. Later, optimum sintering
parameters were used to sinter CNTs added Al pellets.

3.2.3 Characterization of mechanical properties
3.2.3.1 Tensile Properties
Tensile specimens were prepared with rectangular cross-section since rectangular crosssection is used for the metal strip as per ASTM E8/E8M–09. A reduced cross-section with the
gauge length of 5 mm and width of 1.5 mm was used. A mechanical testing and simulation
(MTS) tester was used to conduct the tensile test and Cross head speed was 0.05 mm/ sec. The
fracture morphologies were studied using Zeiss ULTRA-55 field emission gun scanning electron
microscope (FEG-SEM) and energy dispersive spectroscopy (EDS). Yield strength, ultimate
tensile strength and elongation were measured.
3.2.3.2 Micro-hardness
Samples were polished and micro-hardness was measured using QV-1000 Vickers hardness
tester at room temperature according to ASTM E-384. A 50 g-force was applied for 30 sec to
measure the hardness at room temperature. The lengths of the diagonal of the indentations were
measured under SEM and hardness was calculated using equation 1.
Vickers hardness, H = 2 F Sin (136/2)/ d2

(1)

Here, F = Applied force
And d = Diagonal length

49

3.2.3.3 Thermal Conductivity Measurement
The thermal conductivity was measured using the same principle used by Dr. Chai and
Dr. Chen [Chai and Chen, 2010]. Here a one-dimensional steady state thermal conduction setup
was used in the laboratory within an insulating system covered with Styrofoam (Fig. 18a). The
thermal conductivity measurement systems currently used are not suitable for our samples with
thickness around 60-100 µm. For example, widely used 3-omega is good for film samples with
low thermal conductivity value and laser flash method is suitable for much thicker samples. Here
the setup consists of a resistance heater and two thin film RTDs (Resistance Temperature
Detectors). As the heating source, a solid piece of copper wrapped around two parallel 120 Ω
resistors for a measured resistance of 59.2 Ω was used.
RTDs are temperature sensors with resistors, the resistance of which varies with
temperature change. The thin film platinum RTDs were Omega F3105 Class A. RTDs were
mounted on a quartz plate at 8.5 mm distance. The sample for thermal conductivity measurement
was placed making contact with the heating source and a heat sink. A solid piece of copper was
used as the heat sink with water being pumped through it. The mounted RTDs were then placed
to measure the temperature of the hot and the cold ends.
Now based on Equation (2), knowing the power P that is used to pass current through the
heating element it is possible to measure the thermal conductivity of the sample. Power can be
calculated from equation (3). Here, the length used for thermal conductivity measurement, L =
8.5 mm, A is the cross-sectional area (width X thickness) of the samples, R= 59.2 Ω; T1 and T2
are temperatures of the hot end and the cold end respectively. Temperatures T1 and T2 were
measured using the RTDs. A thermocouple was also used for verifying the measured
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temperatures. To measure the temperature using RTDs, the varying resistances of the RTDs were
measured using a Wheatstone bridge circuit as shown in Fig. 18b.
K = PL/(A (T1-T2))

(2)

P=I2R

(3)

Figure 18 (Left) Schematic top view of thermal conductivity measurement setup and (right)
Wheatstone bridge circuit with RTDs
NI USB 6008 DAQ was used as a very stable excitation power source applying voltage
VEX across the bridge. The RTD and bridge output voltage VO is an indication of the RTD
resistance related by equation (4). Three high-precision resistors having a very low-temperature
coefficient were used in the Wheatstone bridge. The DAQ was plugged into a laptop with
LabVIEW 2011. Thus, the resistance of the RTD was measured. Two Wheatstone bridges were
used for the two RTDs. The resistance of the RTDs was linearly proportional to their
temperatures. Initially, the temperature measurements using the RTDs were calibrated.
Calibration was also done for the total heat loss of the setup. Here heat transfer includes the three
categories: (1) thermal conduction through the insulating setup; (2) convection to the
environment; and (3) radiation to the environment. The total power, P = Pconduction + Pconvection +
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Pradiation. This finally leads to equation (5) to measure Csetup [Chai and Chen, 2010]. As solder
sample of thermal conductivity K is placed in the setup, K is measured from equation (6) [Chai
and Chen, 2010].
Vo = VEX (R3/ (R3 + RRTD)) – (R2/ (R1 + R2))

(4)

P = Csetup (T1 – T2)

(5)

P = (KA/ L + Csetup) (T1 – T2)

(6)

Csetup was measured by measuring the temperature difference between the hot and the
cold end using equation (5) before placing the sample for thermal conductivity measurement.
Current was measured using a multimeter. Csetup, the total equivalent resultant thermal
conductance, was measured for different current values. For lower ampere values, as the
temperature gradient was small, Csetup was found to be dependent on the temperature gradient (T1
- T2). However, for large temperature gradient, Csetup reached a constant value. All the thermal
conductivity measurements were done in this temperature gradient range. Prior to that, the setup
was verified by measuring the thermal conductivity of pure copper. For every temperature
measurement, 2 hours of thermal relaxation was allowed to reach the thermal equilibrium.
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CHAPTER FOUR: RESULTS AND DISCUSSION
4.1 CNT Coating with Metals
4.1.1 CNT Coating with Cu
Carbon nanotubes (CNTs) were coated with Cu and Ni according to the proposed
process. For the initial surface treatment of the as received nanotubes were ultra-sonicated for 2
hours at 60 C in an aqueous solution of HNO3 (70%). 50 mg CNTs were ultrasonically dispersed
in 50 ml 0.1 M SnCl2/0.1 M HCl for 30 minutes for the pre-activation (surface catalysts). The
activation of the sensitized CNTs was accomplished by stirring 50 mg sensitized CNTs for 2
hours in 50 ml aqueous solution of AgNO3 and NH3 solution. The pH of the activation solution
was varied over a range of 7-12 with NH3 solution to study the effect of pH on silver deposition.
Ultra-sonication was employed periodically to prevent agglomeration. The composition of the
electroless copper bath was 0.03 M CuSO4·5H2O, 0.25M EDTANa2, CHOCOOH·H2O and 10
ppm 2, 2’-Bipyridine ((C5H4N)2). CuSO4·5H2O was used as the copper ion source, EDTANa2 as
the complexing agent, CHOCOOH·H2O as the reducing agent and 2, 2’-Bipyridine ((C5H4N)2)
as the stabilizer. CNTs were added to the electroless bath at 60 C and the temperature was held
constant during the deposition time. The electroless bath was placed into an ultrasonic cell bath
where the frequency was fixed at 42 kHz and power at 100 W. The deposition was carried out
for a short time of 2 minutes after bubbles came out. The pH of the solution was adjusted at 12.2
with NaOH.
The sensitized CNTs were observed under FEG-SEM (Fig. 19a) and the EDS spectrum
confirmed the presence of Sn (Fig. 19b). Silver was deposited on the sensitized CNTs by an
electroless deposition method using silver nitrate solution. The pH of the solution was varied
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from 7-12. All the CNTs were then studied under field emission gun scanning electron
microscope (FEG-SEM) and the presence of silver was confirmed with the energy dispersive
spectroscopy (EDS) spectra. In Fig. 20 wt. percentage of the deposited silver is plotted against
the pH value of silver nitrate solution. The weight percentage of deposited silver was used as a
measure of the plating rate. It is evident here that silver was deposited over a wide range of pH
value with quite a different rate. Silver deposition was apparent for pH value 7. For further
increase of pH of the solution, the deposition rate was gradually accelerated exhibiting maxima
in the deposition rate at pH value 10. The deposition rate was drastically decreased for higher pH
values.

Figure 19 (a) SEM image and (b) EDS of sensitized MWCNTs
SEM shows the plating morphology of the Ag/CNTs in Fig. 21. Though the presence of
silver was identified with EDS for pH value as low as at 7 and 8, CNTs were not coated
uniformly with silver (Fig. 21a & b). Fig. 21c shows that CNTs are completely encapsulated with
silver. A large magnification is shown in Fig. 22 with the EDS spectrum. The Ag/CNTs
composite was fibrous without agglomeration as ultra-sonication was employed periodically
during silver deposition. But for higher pH values coated CNTs showed agglomerating tendency
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due to excessive silver deposition with large silver crystals identified on CNT surfaces (Fig. 21d
& e). For pH 12 silver deposition was of a trace amount (Fig. 21f).

Figure 20 Silver deposition rate as a function of pH
For pH value 7 and 8, the silver deposition rate was slow which resulted in a high-density
silver activation sites on CNTs surfaces. But the deposition was insufficient to cover CNT
surfaces entirely. As deposition rate increased, the CNTs were fully coated with silver for pH
value 9. At pH greater than 9, for the accelerated reduction rate the normal growth rate was
higher than lateral growth rate and the silver coating tended to form silver particles on CNT
surfaces. Similar observations are often reported for nickel plating on CNTs [Jagannatham M. et.
al., 2015].
Fig. 23 shows the Cu/MWCNTs. Cu was deposited on CNTs activated with silver as
particles at pH 8 (Fig. 22a) and as the CNTs were fully covered with silver at pH 9 (Fig. 22b). It
appeared that as the CNTs were entirely coated with silver, the excessive normal growth rate of
copper caused large copper crystals and some copper particles were detached from CNT surfaces
because of the excess thickness.
55

Figure 21 Ag/MWCNTs for different pH value of silver nitrate solution, (a) pH=7, (b) pH=8, (c)
pH=9, (d) pH=10, (e) pH=11, (f) pH=12
However, CNTs were better coated with copper as silver was present as high-density
activation sites rather than complete encapsulation. High-density activation sites allow
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significant lateral growth of the subsequent coating material to get uniform coating without
excessive crystal growth [Jagannatham M. et. al., 2015].

Figure 22 (a) Ag/MWCNTs with complete encapsulation with Ag and (b) EDS spectrum

Figure 23 Cu/MWCNTs for Ag activation at pH=8 (a) and pH=9 (b)
4.1.2 CNT Coating with Ni
Fig. 24 shows Ni coated CNTs and the EDS spectrum. Nanotubes were fully coated with
nickel.
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Figure 24 (a) SEM image and (b) EDS of Ni coated MWCNTs (With UV exposure)
CNTs were coated with Ni in two step process. Prior to the final Ni deposition, the
activation process was carried out with and without UV exposure. Exposure to the UV light was
found to have an effect on the Ni coating morphology. From SEM (Fig. 24 and 25) it is evident
that exposure to UV light during the activation step resulted smoother coating morphology
compared to that resulted in absence of the UV light. In absence of UV light, Ni coating showed
to develop small spherical crystal shapes to develop on CNT surfaces. Exposure to UV is
believed to result higher density of activation sites which lead to the formation of the much
smoother surface [Jagannatham M. et. al., 2015].

Figure 25 SEM image of Ni coated MWCNTs (Without UV exposure)
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CNTs were coated with Ni at different temperatures. The temperature was varied to find
the effect of temperature on the CNT content in Ni-coated CNTs. The purpose was to increase
CNT content in coated CNTs so that properties can be enhanced to a greater extent. Only a
complete encapsulation was needed with nickel content as low as possible. Ni coating solution
temperature was varied from 40 C to 80 C with an interval of 20 C. SEM images of CNTs coated
with Ni at three different temperature are shown in Fig. 26.

Figure 26 SEM of MWCNTs coated with Ni at (a) 40 C, (b) 60 C, (c) 80 C with NISO4
concentration 0.133M and (d) at 40 C with NISO4 concentration 0.03325M
It was observed that with increasing temperature Ni content was rapidly increased in the
coated CNTs. Fig. 26a shows SEM of CNTs coated with Ni at 40 C. CNTs coated with Ni at 60
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C and 80 C are shown in Fig. 26b and 26C respectively. Increasing NI content resulted in
agglomeration of CNTs during the coating process which is evident in these images. As the
temperature was increased from 40 C to 60 C, CNT content in Ni-coated CNTs was decreased
from 20.12% to 7.45% (Fig. 27).
Still Ni content was very high and so the concentration of NiSO4 was varied to increase
CNT content further. CNTs were coated with 10, 25, 50 and 75% of initial concentration of
NISO4. This was found to have a significant effect on CNT content and especially on the
agglomeration of coated CNTs (Fig. 27). At 0.0133M concentration CNT content was increased
up to 52 wt. %. However, all CNTs in the bath were not coated completely. Encapsulation of all
CNTs was evident at 0.03325M with CNT content of 35 wt. %. Fig. 26d shows the SEM image
of CNTs coated at 40 C with NiSO4 concentration 0.03325M.

Figure 27 Effect of NISO4 concentration on the CNT content in Ni-coated CNTs
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4.2 70Sn-30Bi-Cu/CNTs Composite Fabricated by Sandwich Method
4.2.1 Tensile Properties
In this process, Cu/MWCNTs were dispersed in between multiple layers of 70Sn-30Bi
alloy where thin sheets of 70Sn-30Bi were made by rolling at room temperature. Multiple layers
were then stacked together and rolled at room temperature with a reduction in thickness of
approximately 25%. To achieve good bonding a sufficient pressure and a threshold strain are
needed [Segal, 1995]. But these are also often restricted due to metal strip failure by work
hardening [Valiev, 1997]. The rolled strips were pressed with a hot press following cold rolling.
Tensile strength is an important mechanical property of electronic packaging materials.
With MTS tester both the applied load and the resulting displacement were measured and
recorded automatically and the engineering stress and the strain were derived. All samples were
subjected to identical process conditions at each step. Fig. 28 shows the stress–strain curves of
pure 70Sn-30Bi alloy and Cu coated MWCNTs reinforced composites.

Figure 28 Stress-strain curves for 70Sn-30Bi alloy and Cu/MWCNTs reinforced composites
61

With the addition of Cu/MWCNTs, the change in shape of the curves is clearly observed.
From these curves, the enhanced ultimate tensile strength with reinforcement is obviously
revealed. At the same, time ductility is reduced and the maximum strength at lower strain is
observed with the early onset of necking initiation as Cu/MWCNTs content increased.
Fig. 29 shows that ultimate tensile strength (UTS) was increased from 64.46 MPa to
70.04 MPa with 0.5% Cu/MWCNTs addition. Then ultimate tensile strength was found to
increase continuously with a proportion to Cu/MWCNTs addition. 3 wt. % Cu/MWCNTs
addition exhibited significant higher strength and UTS was increased by 47.6% compared to that
of the pure alloy. Fig. 30 shows that all reinforced composite exhibited lower ductility than that
of the pure alloy and the ductility decreased with increasing Cu/MWCNTs content.
It is known that when the second phase with high strength second phase particles are
incorporated into a matrix, the load-transfer from the matrix to the second phase takes place.
This load transfer by the second phase reinforcing agent can decrease the stress in solder. As a
result, it increases the UTS [Nai et al., 2009]. In the current study, the load is transferred from
70Sn-30Bi solder matrix to high strength Cu/MWCNTs. The enhanced strength is also explained
by the dispersion strengthening theory. The second phase generates obstacle for dislocations.
This obviously leads to enhanced strength [Dieter, 1986]. In this case, Cu/MWCNTs generate
obstacles to block propagations of dislocations and thus it is believed that both factors here
contributed to the enhanced UTS.
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Figure 29 Effect of reinforcement on tensile strength

Figure 30 Effect of reinforcement on elongation
Fracture morphologies were studied for the better understanding of the increased
strength. Fig. 31 shows SEM images of the fractures surfaces. At fracture surfaces, nanotubes
were observed. In higher magnifications it is revealed that Cu/MWCNTs were oriented randomly
on the fracture surfaces.
SEM images shows CNTs partially embedded in the matrix at the fracture surfaces with
short pull out length. Partial embedding CNTs indicated strong interfacial bonding of the Cucoated CNTs with the 70Sn-30Bi matrix.

63

Figure 31 SEM micrographs of fractured surfaces of 70Sn-30Bi alloy added with different
amount of Cu/MWCNTs: (a) 0 wt. %; (b) 0.5 wt. %; (c) 1 wt. %; (d) 2 wt. %; (e) 3 wt. %
In Fig. 31c nanotubes are oriented in parallel to the fracture surface and in-plane of the
rolled sample. In Fig. 31e nanotubes are oriented in a perpendicular direction to the fracture
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plane and in the plane of rolled sample. It is observed that Cu/MWCNTs were embedded
partially in alloy matrix at fracture surfaces. This indicates pullout of Cu/MWCNTs which
contributed to the enhanced tensile strength by effective load transfer. Coated MWCNTs pullout
in the metal matrix was also reported by author's group elsewhere [Chen et al, 2007].
4.2.2 Micro-hardness
Fig. 32 shows the indentations made during Vickers hardness test. Fig. 33 shows a
decreasing trend of indentation diagonal length with increasing weight percentages of nanotubes.
VHN is plotted in Fig. 34. Hardness increased almost linearly with increasing nanotube addition.

(d)

Figure 32 SEM image of indentations made in 70Sn-30Bi alloy added with different amount of
Cu/MWCNTs: (a) 0 wt. %; (b) 0.5 wt. %; (c) 1 wt. %; (d) 2 wt. %; (e) 3 wt. %
Crack deflection at CNT-matrix interface and reinforcement of high strength second phase
can enhance the micro hardness. The load transfer mechanism of the second phase like
Cu/MWCNTs can increase the resistance to penetration significantly. Crack bridging by CNTs
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can enhance fracture toughness and thus the micro hardness [Silvestre, 2013]. Thus, it is believed
that the load transfer mechanism by high strength reinforcement, crack deflection at CNT-matrix
interface and crack bridging mechanism have contributed to the enhanced micro hardness in this
study.

Figure 33 Plot of diagonal length of indentations

Figure 34 Plot of VHN
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4.3 Sn-Ni/CNTs Composite Fabricated with Assistance of Ultra-sonication
4.3.1 Tensile Properties
Ni-coated CNTs were added to the pure metal tin by ultra-sonication assisted melting
route. Pure tin was melted in the argon gas atmosphere. Ni-coated CNTs were added to the
molten metal and ultra-sonication was applied in pulse mode. After cooling, the tinNi/MWCNTs was rolled into sheets and tensile strength was measured. Fig. 35 shows the stressstrain curved. With increasing content of CNTs addition, strength was increased with decreasing
ductility.

Figure 35 Stress-strain curves for Sn and Ni/MWCNTs reinforced composites
Effect of CNTs reinforcement was found to be more effective to enhance mechanical
properties in this method compared to the sandwich method used earlier. Both UTS and YS
increased with the addition of CNTs (Fig. 36). UTS and YS were increased by about 95% and
126% respectively by the addition of 3 wt. % CNTs. However, elongation was decreased by onethird (Fig. 37). Fracture surfaces were studied using SEM shown in Fig. 38.
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Figure 36 Effect of reinforcement on tensile strength

Figure 37 Effect of reinforcement on elongation
Fracture surfaces were studied under SEM. At high magnification, CNTs were observed
to be dispersed uniformly in the matrix (Fig. 39). CNTs were embedded partially in the matrix
which indicated the strong interfacial bonding. Effective load transfer from the matrix to the
CNTs was evident from the small pullout length. Metal coating was thus found to be effective to
enhance interfacial bonding strength and sonication assisted melting method was found to be an
effective means of dispersing CNTs in the matrix. The well dispersion of CNTs, strong bonding
at metal-CNT interface and CNTs pullout contributed to the enhanced mechanical properties.
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Figure 38 SEM micrographs of fractured surfaces of Sn added with different amount of
Ni/MWCNTs: (a) 0 wt. %; (b) 0.5 wt. %; (c) 1 wt. %; (d) 2 wt. %; (e) 3 wt. %
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Figure 39 SEM micrographs of fractured surfaces of Sn-1 Ni/MWCNTs at high magnification
4.3.2 Micro-hardness
Micro hardness was measured using Vickers hardness tester. Diagonal lengths of the
indentations were measured under SEM and VHN were calculated thereafter (Fig. 40).

Figure 40 SEM image of indentations made in Sn added with different amount of Ni/MWCNTs:
(a) 0 wt. %; (b) 0.5 wt. %; (c) 1 wt. %; (d) 2 wt. %; (e) 3 wt. %
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It was found that diagonal length of the indentations were decreased with the addition of
Ni-coated CNTs (Fig. 41) and thus the hardness was increased almost linearly (Fig. 42). VHN
was increased by about 123% by the addition of 3 wt. % Ni-coated CNTs.

Figure 41 Plot of diagonal length of indentations

Figure 42 Plot of VHN
Bare CNTs were also added to the Sn matrix using melting assisted sonication method. It
was difficult to add CNTs without metal coating due to more agglomeration tendency of
uncoated CNTs and their higher density difference with the density of the metal. It was possible
to add a maximum of 2 wt. % CNTs without metal coating. For further addition, molten metal
rejected some CNTs on solidification.
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Mechanical properties were also improved by adding bare CNTs. However, the increase
in strength was much lower compared to Ni-coated CNTs reinforced composite. For uncoated
CNTs addition, both UTS and YS have decreased for any further addition beyond 1 wt. % (Fig.
43). For metal coated CNTs, both UTS and YS were increased up to 3 wt. addition. Fig. 44
shows that, for uncoated CNTs addition, elongation at failure was also much lower.

Figure 43 Effect of reinforcement on tensile strength (For coated and uncoated CNTs)

Figure 44 Effect of reinforcement on elongation (For coated and uncoated CNTs)
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Effect of metal coated and uncoated CNTs addition on the micro hardness was also
evident. For Ni-coated CNTs addition, hardness was continuously increased up to 3 wt. %
addition. However, for uncoated CNTs addition, hardness reached the maximum value for 1 wt.
% CNTs addition and then decreased (Fig. 45 and 46).

Figure 45 Plot of diagonal length of indentations (For coated and uncoated CNTs)

Figure 46 Plot of VHN (For coated and uncoated CNTs)
Fracture surfaces of bare CNTs reinforced Sn were studied under SEM to identify the
cause why metal coated CNTs had better mechanical properties compared to the uncoated CNTs
addition (Fig. 47). It was found that both strength and hardness increased up to 3 wt. % Ni-
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coated MWCNTs addition. But for bare CNTs addition, both strength and hardness decreased for
any further addition beyond 1 wt. %.

Figure 47 SEM micrographs of fractured surfaces of Sn added with different amount of bare
MWCNTs: (a) 0.5 wt. %; (b) 1 wt. %; (c) 2 wt. %
From fracture surfaces it is revealed that for Ni-coated CNTs addition, CNTs were
uniformly dispersed in all composites. But when bare CNTs were added, CNTs were not such
uniformly dispersed and agglomeration was clearly observed for more than 2 wt. % CNTs
addition (Fig. 47c). Bonding between CNTs in the agglomeration is very week. For Ni-coated
CNTs addition, short pull out lengths was observed which indicates the strong interfacial
bonding between CNTs and the metal matrix. For bare CNTs addition, longer pull out length was
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observed and also bare CNTs in the plane of fracture surface was observed which indicates the
weak interface bonding. Weak interface means less effective load transfer. Also, for 2 wt. % bare
CNTs addition, micro-voids were observed which indicated the early initiation of crack under
stress.
Thus, on Ni-coated CNTs addition better dispersion and good interfacial bonding resulted
in the continuously enhanced mechanical properties. In contrary, for bare CNTs addition,
because of less dispersion and weaker interface, with higher content of CNTs addition
mechanical property deteriorates unlike for Ni-coated CNTs addition. Also because of the poor
dispersion and weak interfacial bonding, mechanical property enhancement was much lower for
bare CNTs addition.
4.4 70Sn-30Bi-Ni/CNTs Composite Fabricated with Assistance of Ultra-sonication
4.4.1 Tensile Properties
As the sonication assisted melting method was found to be an effective means of CNTs
dispersion in the metal matrix of pure Sn, the same method was used to disperse CNTs in the
70Sn-30Bi alloy. CNTs were coated with Ni. Ni-coated CNTs were added to the alloy up to 3 wt.
%. Any further addition was found to be difficult due to rejection of CNTs by the molten alloy
on solidification. Tensile test results shows significant effect of Ni-coated CNTs addition on the
mechanical properties of the composite. Fig. 48 shows the stress-strain curves for the tensile
tests. Enhanced tensile strength with reduced ductility is clearly evident from the shift of
maximum strength to the lower strain end. Fracture surfaces were studied later to understand
how CNTs enhanced the strength.
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Figure 48 Stress-strain curves for 70Sn-30Bi alloy and Cu/MWCNTs reinforced composites
Fig. 49 shows the effect of Ni-coated CNTs addition on both the ultimate tensile strength
and yield strength of the 70Sn-30Bi alloy. Both UTS and YS were significantly increased. UTS
and YS were increased by 39.7% and 40.1% by an addition of only 0.5 wt. % Ni-coated CNTs
addition.

Figure 49 Effect of reinforcement on tensile strength
Strength was increased continuously with further additions. However, for addition
beyond 2 wt. %, an increase in strength was not significant anymore. The decreasing ductility
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with the addition of Ni coated CNTs addition is evident in Fig. 50. For 3 wt. % addition, UTS,
and YS were increased by 88.8 % and 112.3% respectively.

Figure 50 Effect of reinforcement on elongation
Fig. 51 shows the fracture surfaces of 70Sn-30Bi alloy and Ni-coated CNTs reinforced
70Sn-30Bi composites. Small black arrows are used to show the CNTs in the fracture surfaces.
All the fracture surfaces show uniform dispersion of CNTs. This indicated that sonication
assisted melting method effectively dispersed the CNTs in the matrix.
CNTs were observed with the small pull out the length. All CNTs were embedded
partially in the matrix. No CNTs were found lying freely in the plane of the fracture surface.
These indicate the strong interfacial bonding of Ni-coated CNTs with the 70Sn-30Bi alloy.
Uniform dispersion of CNTs in the matrix thus contributed to the enhanced strength by improved
dispersion strengthening. Also, the strong interfacial bonding resulted in effective load transfer
and thus resulted in the enhancement of the tensile strength.
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Figure 51 SEM micrographs of fractured surfaces of 70Sn-30Bi alloy added with different
amount of Ni/MWCNTs: (a) 0 wt. %; (b) 0.5 wt. %; (c) 1 wt. %; (d) 2 wt. %; (e) 3 wt. %
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4.4.2 Micro-hardness
Fig. 52 shows the SEM of indentations made during micro hardness test. The
indentations were made to measure the micro hardness. Diagonal lengths were measured from
SEM images for the high accuracy of measurement. Later, VHN was calculated using
appropriate formulas.

Figure 52 SEM image of indentations made in 70Sn-30Bi alloy added with different amount of
Ni/MWCNTs: (a) 0 wt. %; (b) 0.5 wt. %; (c) 1 wt. %; (d) 2 wt. %; (e) 3 wt. %
Fig. 53 shows that the diagonal length of the indentation made during micro hardness test
decreased with increasing CNTs addition. Decreasing diagonal length of the indentations clearly
indicates the increase in micro hardness which is evident in Fig. 54. Micro hardness was
increased rapidly with even 0.5 wt. %Ni-coated CNTs addition. For 3 wt. % addition, micro
hardness was increased by 76%. Uniform dispersion of CNTs by the sonication assisted melting

79

method resulted from this increase in micro hardness by a generation of high-density dislocations
and offering effective resistance to the dislocation movement.

Figure 53 Plot of diagonal length of indentations

Figure 54 Plot of VHN
4.4.3 Thermal Conductivity
Thermal management has emerged as a critical challenge to advanced electronic systems,
including advanced integrated circuits (ICs), high power electronics such as high power
amplifiers and phased-array radars, high-energy lasers, and high-power microwave systems
[Kumar et al., 2008], as depicted in Fig. 55. Due to the ever increasing need for higher
performance, the input power of the systems has been greatly increased [Nai et a., 2006] to
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achieve the desired operational power density [Kumar et al., 2008]. As a result, the resistive or
Joule heating can produce a heat flux of up to 1,000 W/cm2 or greater [Nai et al., 2006]. If this
large heat flux cannot be dissipated instantly and continuously, the accumulated heat would
quickly raise the device’s substrate temperature thus degrading the system’s performance and
eventually damaging the electronic system. Therefore, efficient thermal management is
necessary to insure the continuous removal of heat away from the device.

Figure 55 Sketch of heat removal challenge in power electronics (arrows show needed heat
dissipation, not in scale)
The details of a typical thermal management system are shown in Fig. 1 and normally
include a heat sink and a heat spreader which is bonded to the electronic chip by a thermal
interface material (Fig.55). Since the heat sink and the heat spreader are mostly premade with
thermally conductive materials such as copper or aluminum, the function of a TIM material is
more as an adhesive or solder to bond the heat spreader and the electronic device together. Since
the heat generated by the electronic device needs to be dissipated continuously “downwards” to
the heat sink as depicted by the red arrows in Figure 55, the thermal resistance (inverse of the
thermal conductance) between the electronic device and the heat sink is critical to the cooling
efficiency. The total thermal resistance between the device and the heat sink includes: 1) contact
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thermal resistance Rc1 which is formed mainly by micro/nano cavities (right of Figure 1) between
the electronic device (silicon die, e.g.) and the TIM, 2) the thermal resistance (hi/Ki) formed by
the TIM which is proportional to the thickness (hi) and inversely proportional to the thermal
conductivity (Ki), 3) the contact thermal resistance Rc2 which is formed between the TIM and the
heat spreader due to the micro/nano voids formed and 4) the thermal resistance formed by the
heat spreader (hs/Ks).
Although contact resistances can be reduced by elaborate machining techniques such as
polishing and degassing, the thermal resistance of the TIM and the heat spreader are largely
dependent on the ratio of thickness over the thermal conductivities. Since the heat spreader
material normally has a large thermal conductivity (385W/m-K of Cu, e.g.), which normally
leads to a small temperature drop (<10 C). However, the thermal conductivities of available
TIMs are very small, in a range of 1~20W/m-K (the upper end goes to low melting alloys). A
50m thick TIM (Sn-Ag alloy with the best thermal conductivity) can produce a temperature
drop of more than 30C on an electronic system. Therefore, the efficiency of a thermal
management (cooling) system (Fig. 55) is largely limited by the thermal conductivity of the TIM
material.
Currently available TIMs include: 1) Thermal greases such as Shin-Etsu series products
and Bergquist TIC-7500. The thermal conductivity of thermal greases is less than 10 W/m-K and
their thermal resistances are about >0.1 cm2C/W or ten times greater than 0.01cm2C/W, the
desired value for cooling of electronics. 2) Phase changed thermoplastic adhesives (epoxy) such
as Power Strate series products and Bergquist Hi-Flow series products. These materials are
typically melted in the 50-80 C range. The thermal conductivity is less than 5 W/m-K, after
82

adding a variety of fillers to enhance their thermal conductivity. 3) Phase changed low melting
alloys such as Thermax HF-601 10-BT. The thermal conductivities of these low melting
temperature alloys are in the range of 10-20 W/m-K depending on the alloys used and their
compositions. 4) Thermal conductive elastomers such as Chomerics therm-A-form T642. The
thermal conductivity is less than 3 W/m-K.
In summary, low melting alloys (<170 C) have relatively greater thermal conductivities
among available TIM technologies but they cannot meet the low thermal resistance needs due to
their low thermal conductivities. Therefore, the need to increase the thermal conductivity of low
melting alloys becomes the primary research objective. Since Sn-Bi alloys are more
environmentally friendly than conventional solders, have a melting point as low as 139 C and
relatively high thermal conductivities (K~19 W/m-K), the question becomes whether the thermal
conductivity of a Sn-Bi alloy can be increased enough to create an advanced TIM material. Here
carbon nanotubes (CNT) reinforced Sn-Bi alloy was developed to significantly increase the
thermal conductivity.
To measure the thermal conductivity of 70Sn-30Bi-Ni/CNTs composite, initially, the
RTDs were calibrated to measure the temperature. RTDs were calibrated between 0 C and 100 C
to find the resistance – temperature coefficients from the linear relationship between the
resistance and the temperature. Calibration curves are shown in Fig. 56.
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Figure 56 Relationship of temperature vs. resistance of (left) RTD 1 and (right) RTD 2
Resistance – temperature coefficients were found to be 0.3865 ohm/C and 0.3785 ohm/C
for RTD 1 and 2 respectively. These values were used in LabVIEW to measure temperatures.
Csetup was measured by varying the current which results in a different temperature gradient
across the hot and the cold end. Csetup was found to be constant 0.01385 W/ K for a temperature
gradient above 25C (Fig. 57). The thermal conductivity of all the samples was measured for a
temperature gradient above 25 C.

Figure 57 Calibration curve for the Csetup

84

The samples were placed between the hot and the cold ends and using equation (6)
thermal conductivity was measured (Fig. 58). For 0.5 wt. % Ni/MWCNTs addition, the thermal
conductivity of 70Sn-30Bi was rapidly increased by 23.35 %. Thermal conductivity increased
almost linearly with the further addition of nanotubes. For 3 wt. % addition thermal conductivity
was found to be more than 170% of that of the 70Sn-30Bi base solder alloy.

Figure 58 Thermal conductivity of the composite
CNT content plays an important role to improve the thermal conductivity of the solder
composite. Energy carrier theory helps to understand how thermal conductivity is improved.
Both electron and phonons charge carriers contribute to the overall thermal conductivity [Kittel,
1986]. The total thermal conductivity, K = Ke + Kp. Here Ke and Kp are the thermal
conductivity contributed by electrons and phonons respectively. Normally electrons contribution
is dominant in metallic materials whereas the contribution of phonons is dominant for covalent
materials. Both these mechanisms contribute to the thermal conductivity of CNTs as measured
thermal conductivity of CNTs are found to be in between the values predicted by the two
mechanisms separately. But bulk CNTs has much lower thermal conductivity because of high

85

thermal contact resistance. Thus when the Ni/MWCNTs get dispersed in the 70Sn0-30Bi matrix,
it results in high thermal conductivity.
Achieving higher thermal conductivity has always been a challenge due to difficulty in a
good dispersion of CNTs, poor CNT-matrix interface, and CNTs agglomeration. Here to
overcome these constraints MWCNTs were surface modified by chemical treatment and coated
with Ni by electroless deposition prior to incorporation in the metal matrix. The coating results in
improved thermal conductivity by better interface bonding [Susumu et al., 2006, Ngo et al.,
2004]. Good interfacial bonding increases conduction by phonons. Again as both the metal
matrix and CNTs are good electrically conductors, good interface ensures effective electron
transfer across the interface. In the Sn-Bi matrix, CNTs are found to be dispersed homogenously
(Fig. 59) which is very importance to enhance thermal conductivity since CNT-CNT contact
resistance is very high. Metal coating results in better interface bonding that leads to enhanced
thermal conductivity. Thus better thermal conductivity is achieved.

Figure 59 Dispersion of CNTs in the matrix
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4.5 Al-Ni/CNTs Composite Fabricated by Powder Metallurgy Method
4.5.1 Optimizing Sintering Parameters
Al powders were compacted and sintering parameters were optimized prior to any
addition of CNTs. Sintering was carried out in the nitrogen atmosphere. Pure and sufficiently dry
nitrogen is mostly appropriate for proper sintering of Al. The presence of hydrogen even in small
amounts is reported to result in lower sintering shrinkage. Vacuum is also reported to be
effective. But if a vacuum cannot be achieved with much lower pressure, it cause poor
densification of aluminum [Schubert et al., 2005]. Sintering was conducted following single step
sintering with a heating rate of 10 C/ min (Fig. 60).
Sintering was carried out at 500 C, 550 C and 600 C for 1 hr, 2hr and 3 hr holding time at
the sintering temperature. With increasing sintering time and temperature, higher densification
was achieved (Fig. 61). This result is in agreement with the observation of other authors [Saheb,
2013]. Higher temperature and longer sintering time help to remove pores and improves coalesce
of particles which lead to improved densification.

Figure 60 Sintering Cycle
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Figure 61 Effect of sintering parameters on densification

Since sintering is a thermally activated process, densification is resulted from diffusion.
So optimization of sintering temperature and time is important for sintering with proper
densification. It is observed that sintering temperature has more pronounce effect on the
consolidation of aluminum compared to the effect of sintering time.
Densification was increased from 97.3 to 99 % as sintering temperature was increased
from 500 C to 600 C for 1 hr holding period at the sintering temperature. Effect of sintering time
was not significant compared to the temperature effect as holding time was more than 1 hr.
However, a maximum density of 99.2 % was achieved for sintering at 600 C for 3 hr.
Fig. 62 shows polished surfaces of the sintered samples. More porous surface of samples
sintered at lower temperature shows that the temperature was not sufficient to remove porosity
effectively which resulted in lower density at lower sintering temperature.
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Figure 62 SEM of polished surfaces for different sintering temperatures
Tensile strength of all these sintered samples were measured. Strength was increased as
expected with increasing densification. However, the maximum strength was observed for
sintering at 600 C for 2 hr which exhibited a density of 99.1 % (Fig. 63). Tensile strength was
slightly decreased for sintering at 600 C for 3 hr. At longer sintering time, grain growth is
believed to decrease the strength. Thus 600 C and 3 hr holding time was selected as the optimum
sintering parameters.
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Figure 63 Effect of sintering parameters on UTS
4.5.2 Tensile Properties
4.5.2.1 30-50 nm Diameter CNTs reinforcement Effect
CNTs were added to pure aluminum to study the effect of reinforcement on the tensile
properties. CNTs were Ni-coated and added to the matrix by powder method. Powder method
was chosen to add higher wt. percentages of CNTs in the composite compared to the previous
methods used. CNTs of two different diameters were added.
Effect of Ni-coated CNTs (30-50 nm diameter) reinforcement on tensile properties of
sintered aluminum was studied. Fig. 64 shows the characteristic stress-strain curves of pure
aluminum and Ni-CNTs reinforced aluminum. Yield strength and ultimate tensile strength were
measured from these curves. Both strengths were increased with increasing CNTs content. A
decrease of elongation with increasing strength is clearly evident from the stress-strain curves.
However, stress-strain curves for CNTs added composites shows no significant difference in
shape compared to that for pure aluminum.
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Figure 64 Stress-strain curves for Al and Ni/MWCNTs reinforced composites (30-50 nm)
The stress-strain curve shows no significant change in shape due to the reinforcement.
However, with addition of the CNTs, maximum strength shifts to lower strain values. Effect of
reinforcement on the ductility is thus clearly evident. Especially for higher CNTs addition, the
curve shows the brittle nature of the composites. Fracture surface studies also revealed the brittle
nature of failure for higher wt. percentages of CNTs addition.
The effect of Ni-coated CNTs addition on tensile strength is shown in Fig. 65. It is
evident that small amount of CNT addition increased both UTS and YS significantly. Strength
was increased by more than 20% even with an addition of 0.5 wt. % Ni-CNTs. Further increase
in Ni-CNTs addition leads to a continuous increase in both UTS and YS. However, the rate of
increase becomes slower with the addition of Ni-CNTs beyond 3 wt. %. Strength was improved
with a decrease in ductility as Fig. 66 shows a continuous decrease in elongation with increasing
Ni-CNTs content.

91

Figure 65 Effect of reinforcement on tensile strength (30-50 nm)

Figure 66 Effect of reinforcement on elongation 930-50 nm)
Maximum 7 wt. % Ni-CNTs was added in the Al-Ni/CNT composite since the strength
increase rate was not significant with further addition. For 7 wt. % Ni/CNTs addition, UTS was
increased by 92.68% and YS was increased by 101.58%. The ductility was decreased
significantly with increasing Ni/CNTs content. Ductility of Pure aluminum was decreased from
27.13% to less than 1% for 7 wt. % Ni/CNTs addition. Fig. 67 shows SEM of the fracture
surfaces.
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Figure 67 SEM micrographs of fractured surfaces of Al added with different amount of
Ni/MWCNTs (30-50 nm): (a) 0 wt. %; (b) 0.5 wt. %; (c) 1 wt. %; (d) 3 wt. %; (e) 5 wt. %; (f) 7
wt. %
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CNTs reinforcement improves strength of Al-Ni/CNT composite largely by Orowan and
load transfer mechanism. Uniform dispersion of small CNTs results in effective strengthening by
Orowan looping mechanism. To ensure effective load transfer, it is needed that the composite
maintain the medium strong interfacial bond. Fracture surfaces of Al-Ni/CNTs show that CNTs
are uniformly distributed in the matrix. Small arrows show dispersion of some CNTs. Uniform
dispersion of CNTs are evident in the images. This shows that Ni-coating and sonication assisted
melting method were successful to disperse CNTs uniformly in the matrix.
Fracture surfaces of pure Al and Al-Ni/CNTs with an addition up to 1 wt. % shows
dimples which indicate to their ductile fracture mode (Fig. 67a-c). CNTs are observed to be
embedded fully or partially in the matrix with the small pull out the length. This indicates the
strong interfacial bond that resulted by Ni-coating on CNTs [Wu and Kim, 2011]. Strong
interfacial bonding results strong embedment of CNTs in the matrix. As a result the pull out
lengths are smaller. Ni-coating on CNTs resulted this strong interfacial bonding. Thus strength
was enhanced significantly.
However, with increasing CNT content fracture mode changed from ductile to brittle
mode. For 3 wt. % Ni/CNTs addition, dimples are observed at fracture surfaces with a flat
region. For further addition of Ni/CNTs, fracture surface appeared as much more flatten with
layers. This brittle fracture surface is in agreement with the very low ductility of those composite
(Fig. 67e-f).
4.5.2.2 8-15 nm Diameter CNTs Reinforcement Effect
8-15 nm diameter CNTs were also added to the aluminum matrix to study the effect of
CNT diameter. Also the Ni coating of these CNTs were conducted with different NiSO4
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concentration compared to that used for 30-55 nm diameter CNTs. 30-50 nm diameter Ni-coated
CNTs contains 20 wt. % CNTs whereas, 8-15 nm diameter Ni-coated CNTs contains 20 wt. %
CNTs. Fig. 68 shows the stress-strain curves for 8-15 nm diameter CNTs reinforced Al
composites.

Figure 68 Stress-strain curves for Al and Ni/MWCNTs reinforced composites (8-15 nm)
Fig. 69 shows the effect of CNTs addition on both UTS and YS. Both UTS and YS
increased significantly even with small amount of CNTs addition. As addition increased, strength
values also increased gradually. UTS and YS were increased by 47.9% and 49.1% respectively
for only 0.5 wt. % Ni-coated CNTs addition.
For 3 wt. % CNTs addition, UTS and YS were increased by 98.3% and 104.4%
respectively. For further addition of CNTs, the increase rate of strength was decreased. Finally
for 7 wt. % Ni-coated CNTs addition, UTS and YS were increased by 108.9% and 128.2%
respectively. Ductility was decreased with increasing Ni-CNTs addition (Fig. 70).
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Figure 69 Effect of reinforcement on tensile strength (8-15 nm)

Figure 70 Effect of reinforcement on elongation (8-15 nm)
Fig. 71 shows fracture surfaces of the tensile samples. Fracture surfaces were similar to
those observed for 30-50n nm CNTs addition. Small black arrows show the uniform dispersion
of the CNTs. Ductile fracture with dimples was observed for pure aluminum and foe smaller
addition of the CNTs. As the addition was increased, brittle nature of fracture was revealed
which is an accordance with the stress-strain curves and tensile results studied earlier.
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Figure 71 SEM micrographs of fractured surfaces of Al added with different amount of
Ni/MWCNTs (8-15 nm): (a) 0 wt. %; (b) 0.5 wt. %; (c) 1 wt. %; (d) 3 wt. %; (e) 5 wt. %; (f) 7
wt. %
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Fracture surfaces show effective dispersion of the CNTs. Also, partial embedment of
CNTs and small pull out length indicates the strong interfacial bonding. These explain the
enhanced tensile properties of the CNTs reinforced aluminum composites.
4.5.2.3 Effect of CNT Diameter on Strength
Fig. 72 shows the effect of CNT diameter on the tensile strength of the composites. It is
clearly evident from the results that both UTS and YS were higher for 8-15 nm diameter CNTs
addition compared to 30-50 nm diameter CNTs addition.
This shows that the smaller diameter CNTs are more effective for the reinforcement. For
the same amount of addition, smaller diameter CNTs are higher in number, thus result in smaller
inter CNTs distance and more effective dispersion strengthening.

Figure 72 Effect of CNT diameter on tensile strength
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4.5.3 Micro-hardness
4.5.3.1 30-50 nm Diameter CNTs reinforcement Effect
Fig. 73 shows the SEM images of indentations made in Al and CNT reinforced Al
composites to measure the micro hardness. The length of the indentations was measured from the
SEM images for accurate measurement of the micro hardness.

Figure 73 SEM image of indentations made in Al added with different amount of Ni/MWCNTs
(30-50 nm): (a) 0 wt. %; (b) 0.5 wt. %; (c) 1 wt. %; (d) 3 wt. %; (e) 5 wt. %; (f) 7 wt. %
Fig. 74 shows that the length of the indentation diagonals decreased continuously with
increasing Ni-coated CNTs addition. This indicates to the increased penetration resistance with
increasing CNTs addition which is clearly evident in Fig. 75. Fig. 75 shows that the micro
hardness was increased continuously with increasing CNTs addition. Even with the small
addition, hardness was increased significantly. Uniform dispersion of CNTs and strong
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interfacial bonding resulted the significant increase of micro hardness. For 7 wt. % Ni-coated
CNTs addition, micro hardness was increased by 117%.

Figure 74 Plot of diagonal length of indentations (30-50 nm)

Figure 75 Plot of VHN (30-50 nm)
4.5.3.2 8-15 nm Diameter CNTs reinforcement Effect
Fig. 76 shows the SEM of indentations made for micro hardness measurement as 8-15 nm
diameter CNTs were added to the aluminum matrix.
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Figure 76 SEM image of indentations made in Al added with different amount of Ni/MWCNTs
(8-15 nm): (a) 0 wt. %; (b) 0.5 wt. %; (c) 1 wt. %; (d) 3 wt. %; (e) 5 wt. %; (f) 7 wt. %
Fig. 77 shows the decreasing trend of indentation diagonal lengths with increasing CNTs
addition and Fig. 78 shows the increasing trend of micro hardness with increasing CNTs
addition.

Figure 77 Plot of diagonal length of indentations (8-15 nm)
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As expected from the uniform dispersion of CNTs in the aluminum matrix and the strong
interfacial bonding of CNTs with the matrix, micro hardness was increased significantly. For 7
wt. % Ni-coated CNTs addition, micro hardness was increased by 154.8%.

Figure 78 Plot of VHN (8-15 nm)
4.5.3.3 Effect of CNT Diameter on Micro-hardness
Fig. 79 shows the effect of CNT diameter on the micro hardness of Al-Ni/CNTs composites.
Smaller diameter CNTs reinforcement results much smaller inter CNT spacing and thus more
effective hardening.

Figure 79 Effect of CNT diameter on micro hardness
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4.5.4 Analytical Analysis of strength
Three different mechanisms have been proposed for the strengthening of Al-CNT
composites: load transfer, Orowan looping and dislocation generation by thermal mismatch
[George et al., 2005]. Here, these multiple strengthening mechanisms caused by Ni/CNTs
reinforcement were investigated. The yield strength can be predicted from improvement caused
by all three mechanisms in two ways: by linear summation or multiplication. Here, in this study,
yield strength was predicted by taking a simple linear summation approach.
Volume fraction of MWCNTs, VC = MC/dC / ((MC/dC) + (100-MCT)/dA + (MCT-MC)/dN)
Here,
MC = Mass fraction of MWCNT
MCT = Mass fraction of Ni/MWCNT
MC = Mass fraction of MWCNT
Density of MWCNT, dc = 2.6 g/cc
Density of aluminum, dA = 2.7 g/cc
Density of nickel, dN = 8.9 g/cc
Yield strength of the composite, σC = σA (Yield strength of aluminum matrix) + σL (Improved
strength associated with load transfer) + σO (Improved strength associated with Orowan looping)
+ σT (Improved strength associated with thermal mismatch)
So, Improved strength = σC – σA
Now, to find out the relative contribution of these three mechanisms, yield strength of the
composite can be expressed as,
σC = σA + A. σL+ B. σO + C. σT
103

A, B and C are optimized by trial and error to match YS values obtained by analytical analysis
with their experimental values.
Now,
σL = Tc . VC
Tensile strength of MWCNT, Tc = 15000 MPa used (11-63 GPa) [Yakoboson et al., 2000]
σO = 0.8 GAb/Lp ln (r/b)
Shear modulus of aluminum matrix, GA = 26200 MPa
Burger vector for aluminum, b = 0.286 nm
Radius of MWCNT, r = 15 nm for 30-50 nm diameter CNTs and 7.5 nm for 8-15 nm diameter
CNTs
Inter particle distance, Lp = (3.1416 d2/2 Vf)0.5
Diameter of MWCNT = 30 nm 15 nm for 30-50 nm diameter CNTs and 15 nm for 8-15 nm
diameter CNTs
σT = 1.25GAb (((4VC(CTEA-CTEC)(T1-T2))/(b(1-VC)d))0.5
Coefficient of aluminum, CTEA = 23.1 X 10-6 m/m. K
Coefficient of MWCNT, CTEC = -5.6 X 10-6 m/m. K
Maximum operating temperature, T1 = 600C
Minimum operating temperature, T2 = 22C
As shown in Fig. 80, by trial and error, taking A= 0.13, B = 0.664 and C=0.169, for 30-50 nm
diameter CNTs reinforcement it is found that, the contribution from load transfer, Orowan
looping and dislocation generation by temperature mismatch are 36.8%, 64.4% and 11.1%
respectively.
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Figure 80 Analytical analysis on strengthening mechanism (30-50 nm)
As shown in Fig. 81, by trial and error, taking A= 0.45, B = 0.1 and C=0.09, for 8-15 nm
diameter CNTs reinforcement it is found that, the contribution from load transfer, Orowan
looping and dislocation generation by temperature mismatch are 46.9%, 92.6% and 10.8%
respectively. So in both cases Orowan looping plays important role.

Figure 81 Analytical analysis on strengthening mechanism (8-15 nm)
4.5.5 Thermal Conductivity
At temperature above 25 C, Csetup was found to be constant 0.01384 W/K and the thermal
conductivity of all the samples was measured above 25 C temperature gradient (Fig. 82). With
addition of CNTs thermal conductivity was increased significantly (Fig. 83). Thermal
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conductivity was higher for smaller diameter CNTs addition because of their better dispersion in
the matrix. After HIP further improvement was achieved due to further consolidation. After HIP
for 7 wt. % Ni-coated 8-15 nm CNTs addition thermal conductivity was increased by 85.04 %.

Figure 82 Calibration curve for the Csetup

Figure 83 Thermal conductivity of the composites
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CHAPTER FIVE: CONCLUSION
Carbon nanotube reinforced nanocomposites are promising functional materials. CNTs
exhibit the excellent combination of mechanical, thermal and electrical properties. Despite
exhibiting excellent mechanical, electrical and thermal properties, to exploit CNTs as the
reinforcing element is still far from satisfaction. The key issues yet to solve are the poor
dispersion of CNTs in the matrix and the weak interfacial bond at the CNT-metal interface.
CNTs have the high tendency of agglomeration. While using as a reinforcing agent in
composites, it is quite a challenge to disperse CNTs uniformly. Agglomeration results in failure
to achieve expected mechanical, electrical and thermal properties of the composites. The highdensity difference of CNTs and metal is another factor that makes the dispersion of CNTs
difficult. In agglomeration, CNT-CNT electrical and thermal resistance are also pretty high.
That’s why it is essential to solving the issues to exploit CNTs effectively as a reinforcing
element in the metal matrix composites.
Carbon nanotube reinforced nanocomposites can be potentially used as thermal interface
materials and low-density high strength materials. In today’s world, for the effective thermal
management in micro-nano scale devices, high thermal conductivity is very much important.
This is essential for instant and continuous heat dissipation for high efficiency and to avoid any
damage of the devices. Among the available TIMs, none is quite satisfactory to meet the
requirements. Sn-Bi alloys with low melting temperature is a potential material as TIM. In this
study, MWCNTs were added to the 70Sn-30Bi alloy to enhance its thermal conductivity as well
as its mechanical properties.
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For the structural application, development of low-density high strength materials is in
pretty demand. Low-density polymer composites can offer high strength to density ratio, but the
overall strength is not that much high. Also, polymer composites are not suitable for higher
temperature and harsh environments. Pure Al was reinforced with MWCNTs in this study to
develop low-density high strength composite material for advanced structural applications. Al
was chosen due to its low density and suitability to be used as in the advanced structural
applications.
In this study MWCNTs were coated with metals like Cu and Ni by electroless deposition
method prior to their reinforcement. CNTs were coated with metals to solve the key issues of
CNTs agglomeration and weak interfacial bonding of CNT-metal matrix interface. Metal coating
allows CNTs to retain separated and reduce their agglomeration tendency. Metal coating reduce
density difference of CNTs and the metal matrix and thus prevents CNTs floating tendency in
molten metal. Thus it becomes relatively easier to disperse CNTs in the metal matrix. Most
importantly metal coating allows to enhance composite properties by improving metal-CNT
interfacial bonding significantly. In this study focus was on the processing techniques with
resultant properties. Three different process techniques were investigated – mechanical mixing or
sandwich method, sonication assisted melting method and powder method. The first two method
were used for reinforcing CNTs in 70Sn-30Bi alloy and the last one was used to reinforce CNTs
in Al matrix. Finally, an analytical analysis was made for the better understanding of the
strengthening mechanisms in these composites.
In this study, Cu-coated MWCNTs were added to the 70Sn-30Bi alloy by mechanical
mixing or sandwich method. Up to 3 wt. % CNTs were added and the UTS was increased by
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47.6% and micro hardness was increased by 62.7%. Later, Ni-coated CNTS were added to the
70Sn-30Bi alloy using sonication assisted melting method. In this method enhancement of
properties was much more significant. For 3 wt. % Ni-coated CNTs addition, UTS, and YS were
increased by 88.8 % and 112.3% respectively and micro hardness was increased by 76%. Most
importantly, the thermal conductivity was increased by more than 70% which offers the potential
application for this composite as thermal interface material in high power density micro-nano
scale devices.
Ni-coated CNTs were added to pure Al by powder metallurgy method. Up to 7 wt. % Nicoated CNTs were added and resultant mechanical properties were found to be quite promising.
For 7 wt. % CNTs addition having diameter 30-50 nm, UTS and YS were increased by 92.7%
and 101.6% respectively and micro hardness was increased by 117%. For CNTs having diameter
8-15 nm, UTS and YS were increased by 108.9% and 128.2% respectively for 7 wt. % addition
and micro hardness were increased by 154.8%.
Further study on fracture surface study showed that the metal coating and the processing
techniques resulted from uniform dispersion of the CNTs in the composite. Complete or partial
embedment of CNTs in the fracture surfaces and short pull out length indicated the resulted
strong interfacial bonding at the CNT-metal interface. All these observations explained the
enhanced mechanical and thermal properties of the composites.
Finally, the analytical study showed that among the three strengthen mechanisms –
strengthening by Orowan looping played important role compared to the load transfer and
dislocation generation mechanism by thermal mismatching.
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Metal coating was thus found to be very much effective to develop TIM for the effective
thermal management in high power density micro nano scale devices and to develop low density
high strength composite materials for advanced structural applications.
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